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1 Motivation
According to the United Nations, about 9.4 billion human beings will live on planet earth
by 2050 leading to geopolitical tensions based on limited energy, geological, and agri-
cultural resources. [1] While more than one billion people will live in extreme poverty,
mankind in industrialized nations reaches an above-average age due to an advanced
health care. At the same time, they tend to develop lifestyle diseases like obesity and
high blood pressure also known as hypertension.
The world-wide number of adults suering from hypertension is estimated to around
1 billion, predicted to increase to 1.6 billion individuals by 2025. [2] High blood pressure
is a major risk factor for mortal cardiovascular diseases like strokes and heart attacks
leading to over nine million deaths per year. [3] Furthermore, hypertension was declared
as one of the most damaging risk factor causing Alzheimer’s disease by degrading small
blood vessels in the brain. [4] Increased blood pressure often stays undiagnosed and un-
treated because of missing symptoms in the early stage. Nevertheless, an early treatment
is crucial to avoid cardiovascular damage. A small reduction in blood pressure eec-
tively reduces the risk for strokes already. [5] Here, the somatic angiotensin-converting
enzyme (ACE, peptidyldipeptide hydrolase E.C. 3.4.14.1) plays a central role in blood
pressure regulation making it the main pharmacological target for hypertension thera-
pies. Beside synthetic inhibitors like captopril and enalapril [6,7], bioactive peptides ob-
tained from proteolysis of selected and abundant food proteins are able to decrease ACE-
activity. [8–11] Especially, tryptophan-containing peptides were found to be stable against
simulated digestion and are therefore promising inhibitors for ACE in vivo as well. [12,13]
Further purication of potent ACE-inhibitors is necessary to increase the hypotensive
eect.
Adsorption is a versatile purication technique to selectively separate dierent peptide
fractions from a mixture using mild operation conditions, e.g. the adsorptive debittering
of casein protein hydrolysates. [14,15] Porous carbons are ideally suited to separate ACE-
inhibiting dipeptides by combining tailored size exclusion and polarity selectivity. The




The rst aim of this work is to adopt the concept of adsorption-based enrichment for
Trp-containing dipeptides and develop a process that is easily scalable, runs without the
use of expensive equipment, and results in an enriched peptide fraction that shows in-
creased ACE-inhibition. Furthermore, this process must not involve any harmful chemi-
cals in order to use the enriched product as ingredients for hypotensive functional foods.
Activated carbons, being in use for more than a thousand years for water purication
and other adsorptive applications, are non-toxic and inexpensive, which makes them a
suitable adsorbent. [17]
To develop this process, the adsorption behaviour of hydrophobic and highly ACE-
inhibiting dipeptides on commercially available activated carbon materials and special
model carbons with diverse pore size distributions and surface properties has to be inves-
tigated by means of dierent characterization techniques. This creates an as complete as
possible image of processes taking place inside the carbon’s pore. Important structure-
property relationships help to nd the optimum conditions for an ecient extraction
from various food protein hydrolysates proving the versatility of this approach. Even-
tually, developing a mild desorption method, keeping the adsorbed peptide species and
their bioactivity intact, should release them and lead to increased ACE-inhibition of the
hydrolysate (Fig. 1.1).
A key issue is the scalability of this process. Batch experiments can only be conducted
in the lab scale while scale-up leads to several practical issues and low throughputs. An
economic scale-up requires the transfer of batch adsorption to a ow system using adsor-
bent columns, which allow higher throughputs under continuous conditions. However,
powdered carbons as the stationary phase lead to high pressure drops and require high
pressure columns and pumps. A granulated carbon with an optimized particle size has
to be found, which allows working under high mass ow conditions, but at the same
time does not require high pressure equipment and shows similar properties like the
powdered carbon.
The second topic of this thesis is linked to above mentioned geopolitical tensions and
deals with energy storage. World’s progressive increase in population and the large de-
pletion of fossil fuels over the last decades, as well as increasing amounts of greenhouse
gases in our atmosphere force human mankind to shift attention towards new energy
sources. Batteries are used to buer electrical energy from wind or solar power plants.
For some applications like electromobility the capacity of state-of-the-art lithium-ion
batteries does not t the consumer’s needs. For example, a common electric car pow-
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Figure 1.1: Schematic enrichment of potent ACE-inhibitors by size and polarity selective adsorption
on porous carbons followed by mild elution.
ered by a lithium-ion battery has an average range of merely 150 km. The lithium-sulfur
battery is a promising alternative to common lithium-ion batteries with theoretical ca-
pacities of up to 1672 mAh g−1sul f ur and has the potential to double that range. [18]
The lithium-sulfur battery has one big drawback: its poor rate stability, which is ex-
plained by its special electrochemistry. During electrochemical discharge, polar and
soluble polysuldes are formed at the cathode side that migrate to the lithium anode
where they cause irreversible reactions leading to capacity fading and early failure of
the device. [19,20] The most straightforward approach to solve this problem is to design
a sulfur host material that is able to entrap polysuldes by adsorption, keeping them at
the cathode side of the battery. Many promising materials like N-doped carbons [21] or
conductive metal oxides [22–24] have been developed, but electrochemical characteriza-
tion alone is only a poor clarication of processes inside the battery that lead to a better
cell performance.
Therefore, the second aim of this thesis is to conduct an in-depth investigation of poly-
suldes interacting with selected carbon materials in a simplied battery electrolyte en-
vironment. The focus of this study is laid on the impact of surface polarity and pore
size distribution of the carbon to develop a quantitative correlation between polysul-
de retention and porosity metrics. Such fundamental investigations are necessary to
understand the electrochemistry of lithium-sulfur batteries and eciently design future
cathode materials for long life batteries.
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Both, the enrichment of ACE-inhibitors and the retention of polysuldes rely on liquid
phase adsorption in porous materials, linking the above mentioned topics. This thesis
not only aims to develop an enrichment process or to nd a superior battery cathode but
also strives to explore structure-property relationships that are universally valid. Under-
standing the complex interplay of pore size and polarity leading to selective interactions
between pore wall and the adsorbed species is given a high priority.
4
2 Theoretical Part∗
This part addresses liquid phase adsorption in general and with special respect to porous
carbons as adsorbent materials. Typical classes of carbons with inner porosity are de-
scribed ranging from commercial and abundant materials (Activated Carbons) to special
model carbons that allow a precise control over pore size in sub-ångström accuracy from
micro- (<2 nm) to mesopores (2-50 nm) with an adjustable pore polarity. Afterwards, two
relevant elds of liquid phase adsorption that deal with biomolecules and energy stor-
age materials are elaborated to emphasize special requirements on the optimal carbon
adsorbent and lay the base for structure-property relationships that are discussed in the
results chapter (Chapter 4).





Figure 2.1: Schematic illustration of a general adsorption process. The adsorptive is called adsorbate
as soon as it is immobilized at the adsorbent.
∗Parts of the following chapter are literally adopted from my publication. [25]
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Adsorption at liquid-solid interfaces plays an important role in nearly all processes in
nature and industry. Adsorption is dened as the enrichment of matter in the proxim-
ity of an interface and can be classied in physisorption and chemisorption depending
on the strength of interaction. [26] Weaker interactions such as van der Waals inter-
actions (between permanent and/or induced dipoles) are categorized as physisorption.
Chemisorption describes the formation of stronger bonds accompanied by the release of
adsorption enthalpies larger than 40 kJ mol−1. Whenever a molecule in the uid phase
(adsorptive) faces a solid surface (adsorbent), adsorption occurs and the adsorbed species
is called adsorbate (Fig. 2.1).
When an adsorptive approaches the adsorbent surface, an equilibrium between non-
specic, intermolecular dispersion attractive interactions and short-range repulsion is
established. In the case of exclusively non-specic attractive and repulsive interactions,
the potential energy of the adsorptive molecule can be described as the Lennard-Jones
potential ε(r) (eq. 2.1):
ε(r) = B/r 12 −C/r 6 (2.1)
where B and C are empiric constants and r is the distance between adsorbent and ad-
sorptive. The balance of repulsive and attractive forces leads to a local potential energy
minimum. [27]
Adsorption from the liquid phase at nanoporous materials depicts a special situation that
cannot be described by a simplistic model. Compared to gas-phase adsorption, there is
always a competition situation between the solvent and the solute, which both act as an
adsorptive and experience attractive interactions. [26] The other distinctive feature arises
from the porous adsorbent itself because the carbon surface of a micropore cannot be
described as a plane surface any more. Porous carbon exhibits an internal surface area
that is much larger than its external surface caused by an inner pore structure. The
large surface area is a result of the inner pore structure in the nm-range. According
to the new IUPAC classication, these pores are subdivided into micropores (d < 2 nm),
mesopores (d = 2-50 nm), and macropores (d > 50 nm). [28] Recently, it was recommended
to further subdivide micropores into ultramicropores (d < 0.7 nm) and supermicropores
(d = 0.7-2 nm). [29] With decreasing pore size, the curvature of the pore becomes more
and more dominant and the adsorption potential has to be described with an adapted
model. The adsorption potential of the opposite pore wall more and more aects the ad-
sorptive as the pore size decreases until the adsorption potentials are overlapping when
the size of the pore matches the adsorptive (Fig. 2.2). In this case a dramatic increase
of the adsorption potential can be observed for ions [30] as well as uncharged adsorp-
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tives. [31] The solvent shell is partially stripped o and the adsorptive comes into even
closer contact with the pore wall. [32,33]
Figure 2.2: Lennard-Jones Potential at a plane surface (left), in meso- (middle), and in micropores
(right).
The carbon plane must not be seen as a structureless and homogeneous surface because
curvatures and surface functionalities create a much more complex situation. [34] Inter-
actions between the carbon surface and the adsorptive are not limited to non-specic
contributions like van der Waals and pi -pi interactions. Specic contributions change
the adsorption potential prole across the surface plane, e.g. surface functions are known
to interact strongly with charged species. Oxygen- and nitrogen-containing functional
groups act as ligands for metal ions leading to chemisorption. Hence, activated carbons
have been in use for the removal of all kinds of organic and inorganic water pollutants
for years. Especially, carbon materials with a high heteroatom content are predestined
for the removal of heavy metals. It was shown that the specic surface area is not the
key parameter for an eective mercury removal but the amount of acidic oxygen surface
groups. [35,36] Pyrrolic and pyridinic nitrogen were identied to depict a strong adsorp-
tion site for lithium-ions in lithium-sulfur batteries forming a N-Li-Sn interaction and
hence contributing to increased polysulde retention and longer battery lifespans. [37,38]
In the special case of protic solvents, surface functions introduce additional interactions
like hydrogen bonds that vary with the proton concentration in the solvent and may
even turn from attractive to repulsive. At pH values below the point of zero charge
(pHpzc ), the surface is positively charged due to protonated surface groups. Peptide ad-
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sorptives exhibit also a pH-dependent adsorption behaviour (Fig. 2.3). At their isoelectric
point, the overall charge of a peptide is zero and adsorption is driven by hydrophobic
and pi -pi interactions. [39] At lower pH values, the majority of carboxyl and amine groups
are protonated and able to form hydrogen bonds with surface functions. If the pH values
becomes too acidic or basic, electrostatic repulsion diminishes the adsorption potential
leading to desorption. [40]
Figure 2.3: Schematic illustration of specic interactions between a carbon adsorbent and a peptide










Figure 2.4: Schematic concentration prole of an adsorbate i near the adsorbent surface. At equilib-
rium, the adsorbate concentration ceqi decreases with increasing distance r from the solid surface.
Recording an adsorption isotherm is the rst step to deduce interactions between ad-
sorbent and adsorbate inside the pore. They depict the equilibrium condition between
adsorption and desorption of an adsorptive at a constant temperature with varying con-
centration. [41] The adsorption potential in front of the pore wall leads to the formation
of a concentration prole as a function of the distance to the interface (Fig. 2.4). The
concentration of the adsorbate ci is increased in front of the adsorbent, while the con-
centration in the liquid phase ceqi is decreased compared to its initial value c0i . The data
extracted from the experiment gives no local information about the concentration prole
itself as it is derived from the concentration dierence c0i −ceqi before and after adsorption
in the liquid phase. Hence, only excess quantities are accessible.
The decrease of adsorbate in the liquid phase is balanced by the increase of adsorptive
in the adsorption layer, which is the measured excess amount nσi of the adsorptive. This
reduced excess amount is dened as the amount of adsorbate in the adsorption layer of a
real system compared to a hypothetical system without adsorption. The reduced excess
amount is normalized to the adsorbent massmA, which is written in the following form:
Γσ = nσi
mA
= (c0i − ceqi ) ⋅V
mA
(2.2)
where c0i is the initial concentration and V the volume of the liquid phase.
Plotting Γσ against ceqi results in characteristic isotherm forms. The shape of the isotherm
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gives valuable information about pore size and adsorbent-adsorbate interactions. For a
binary mixture of two liquids, a large mole fraction range is investigated and typical U-
and S-shaped excess isotherms are derived that can be divided in ve types (Fig. 2.5). [42]
The U-shaped isotherms I-III characterize a system, where liquid I is preferably adsorbed
over the whole fraction range. S-shaped isotherms IV and V are derived when liquid II
is preferably adsorbed at one point of the isotherm, which results in the desorption of
liquid I.
Figure 2.5: Schematic illustration of dierent liquid phase adsorption excess isotherms after Schay
and Nagy. [43]
Adsorption studies in the present thesis deal with solid adsorptives dissolved in a solvent
at relatively low concentrations (<100 mM). The concentration range of such systems is
located in the sharp increase in the beginning of the S- and U-shaped isotherms after
Shay and Nagy and is often described empirically by the Henry, Freundlich, Lang-
muir, and the BET equation despite the fact that those isotherms where developed for
gas phase adsorption (Fig. 2.6). [26,44,45]
The Henry-isotherm assumes a linear correlation between Γσ and ceq
Γσ = KH ⋅ ceq (2.3)
whereKH is the Henry-constant. The linearity implies an innite availability of adsorp-
tion sites. Hence, this assumption is only valid for the adsorption of gases in liquids or
at low equilibrium concentrations for liquid phase adsorption.
Freundlich isotherms account for the observation that less adsorptive molecules will
bind at the adsorbent surface at higher loadings. Although the maximum loading is
never reached and innite binding sites are assumed, the isotherm strives for an upper
limit. The resulting plot is empirically described by a power function
Γσ = KF ⋅ cneq (2.4)
where the Freundlich coecient KF allows a comparison between dierent adsorption
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capacities and the adimensional factor n is an expression of the average binding energy.
The Langmuir isotherm assumes that the adsorption enthalpy is equal for all adsorp-
tion sites while adsorption takes place in a monomolecular layer. There are no interac-
tions between adsorbed molecules and a nite number of adsorption sites. Hence, the
isotherm reaches a saturated adsorption excess Γσmax representing the maximum capacity
Γσ = Γσmax ⋅KL ⋅ ceq
1 +KL ⋅ ceq (2.5)
where the Langmuir equilibrium constant KL expresses the adsorption anity of the
adsorbate. Freundlich and Langmuir isotherms are often used to empirically describe
liquid phase adsorption of porous materials accounting for the saturation uptake that is
observed due to lling of the pores.
The Brunauer-Emmett-Teller (BET) adsorption isotherm expands the Langmuir the-
ory by a multilayer adsorption at higher concentrations, and distinguishes between the
adsorption energy of the rst and following adsorbate layers
Γσ = K ⋅ Γσmax ⋅ ceq(cmax − ceq) ⋅ (1 + (K−1)ceqcmax ) (2.6)
where K is the sorption coecient and cmax is the solubility of the adsorptive in the
solvent. The adsorbate molecules of the rst monolayer formed at low concentrations
display the adsorption sites for further adsorptive molecules. Hence, after a rst plateau
at low concentrations, the adsorption excess further increases to innite values as long as
intermolecular interactions allow further condensation at the previous adsorption layer.
Previously described theoretical isotherms always assume a at adsorbent surface and
single adsorptives. The shape of real isotherms for porous materials at the liquid phase
depends on many factors as the adsorbate interacts with the solvent and the solvent can
interact with the adsorbent, too. [46] Furthermore, the porous carbon is not a homoge-
neous at surface. The vicinity of micropores does not allow the formation of innite
multilayers. For ultramicropores, even the formation of a monolayer may be hindered.
Both cases result in a maximum uptake of the adsorbent at low concentrations and the
isotherm forms a plateau. This type of isotherm is called pseudo-Langmuir from a phe-
nomenological point, while the actual adsorption mechanism inside the pores should be
better described by more complex models.
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Figure 2.6: Schematic illustration of dierent ideal isotherms after Henry, Freundlich, Langmuir,




Adsorption typically involves dierent processes bringing the adsorptive in vicinity to
the adsorption site. For physisorption, the actual adsorption step is a rapid process and
its contribution to overall kinetics can be neglected. [47] For a three-dimensional adsor-
bent particle, a lm, a pore, and a surface diusion is determining the overall kinetics.
The driving force for all those transport processes is the formed concentration gradient.
Before the adsorption occurs, the adsorptive has to diuse from the bulk solution to-
wards the adsorbent particle and cross an external mass transfer lm (lm diusion). [48]
Subsequently, transport through the pore system to the particle centre takes place (pore
diusion). Another mechanism describes the diusion of adsorbed species along the
pore surface (surface diusion). According to the rst Fick’s equation, the mass ow of
the adsorptive J is proportional to the negative concentration gradient
J = −De ∂c
∂x
(2.7)
where De is the eective diusion constant that has a dierent expression depending on
the respective diusion mechanism, particle geometry, and surface chemistry. [49] The
potential energy of an adsorbate facing a carbon surface is not just dependent on its
distance to the surface but also on its local position. Porous carbons consist of bent
and curved graphene sheets causing a variation of the potential energy across the sur-
face leading to discrete adsorption sites. [26,50] From a phenomenological point of view,
a depression in the graphene layer or a surface function may lead to a local variation
of adsorbent-adsorptive interactions. If the mean thermal energy kT is larger than this
variation, the adsorbate can easily switch between dierent adsorption sites and there-
fore retains two translational degrees of freedom. Hence, surface diusion occurs. If
the potential energy variation across the surface is larger than kT , the adsorbate can be
considered as localized and surface diusion is slowed down.
The concentration change over time displays only the overall kinetics of the adsorption
limited by the slowest transport process. There are various approaches to model adsorp-
tion kinetics from batch experiments. In 1898, Lagergren presented a pseudo-rst-order
rate equation to empirically describe the adsorption of organic acids onto charcoal
dqt
dt
= kp1(qeq − qt) (2.8)
where qeq is the adsorption capacity at equilibrium and qt at given operation time t . [51,52]
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The pseudo-rst rate constant kp1 describes the rate of the actual adsorption step. This
model is valid for adsorbents, where typical lm and pore transport is negligible, such
as particles on the nanoscale or porous samples with large transport pores.
For larger adsorbent particles, where the intraparticle pore diusion is the rate limiting
step, the homogeneous solid diusion model (HSDM) can be applied, which describes
mass transfer in an amorphous, spherical, and homogeneous adsorbent monolith. [47]











where Dt is the diusion coecient, r the radial position, and qt the adsorption uptake
as a function of r and time t . Assuming an averaged adsorption uptake q and a constant
adsorptive concentration, eq. 2.9 can be written for long times as follows:
q
qeq





where R is the total particle radius and qeq the average adsorption uptake at equilibrium.
Ivanov et al. applied this equation for the adsorption of myoglobin at activated carbon
particles. [53]
In 1993, Wilczak and Keinath proposed an empirical double-exponential model to de-
scribe the adsorption of heavy metals at activated carbon, where the adsorption kinetics
are divided in two regimes. [54] A rapid phase, which involves lm diusion and adsorp-
tion in a surface near layer, is followed by a slow phase that is controlled by intraparticle
pore and surface diusion. This two step mechanism is expressed by





whereD1,2 are the adsorption constant rate parameters for the fast and slow step, respec-
tively. [52] The diusion parametersK1,2 sum up diusion constants Dn of all participated
diusion steps but are not sucient to give an interpretation of the inuence of internal
and external diusion. It can be transformed to describe the decrease of liquid phase
concentration of the adsorptive ct with time
ct =C1exp(−k1t) +C2exp(−k1t) (2.12)
where k1,2 is an empiric diusion parameter and C1,2 is the adsorption constant rate
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Figure 2.7: Schematic concentration prole at the outow of an adsorption column lled with gran-
ular porous carbon.
Up-scale of adsorption processes is often realized in columns packed with a granular
adsorbent bed to reduce high back pressures. A mobile phase carrying the adsorptive is
pumped through the bed. For experimental evaluation of the column dynamics, the ad-
sorptive concentration in the mobile phase is determined at the outow of the column.
The resulting concentration time prole is called breakthrough curve. Before the ad-
sorptive gets in rst contact with the column bed at t0, the adsorbent is empty (Fig. 2.7).
During adsorption, a concentration prole that is time- and place-dependent forms and
moves through the column bed. [55] Until the breakthrough at tB , the adsorptive is com-
pletely removed from the mobile phase and not detectable at the outow. The mass
transfer zone now reaches the column end and the adsorptive concentration starts to
increase. An ideal breakthrough would result in a sharp increase but diusion processes
will broaden the breakthrough. Typically, commercial columns are run until 5-10% of the
inow concentration is reached, which displays the dynamic binding capacity (DBC).
The column is saturated when the outow concentration reaches the inow value at ts .
It is desirable for industrial applications that the saturation capacity of the column is
reached rapidly, which is accomplished by a sharp and stepwise breakthrough.
The shape of the breakthrough curve is determined by the adsorption isotherm of the
adsorptive and its adsorption kinetics. A frequently applied approach for modelling of
breakthrough curves, where the mass resistance is considered as small, is the equilibrium
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dispersion model. [56] Instantaneous equilibrium between mobile and stationary phase is
assumed. [57] All contributions to broadening of the mass transfer zone such as axial dis-
persion and diusion resistances are incorporated into the dispersion coecientDa . The
mass balance equation for this model can be written as
∂ci
∂t











where εt is the extra- and intraparticle porosity of the column bed and u the velocity of
the mobile phase. The capacity of the adsorbent qi is given by the adsorption isotherm
of the respective adsorptive, which is a function of its concentration ci . Numerical so-
lutions of eq. 2.13 require several boundary conditions and are complex. For moderate
concentrations of a single adsorptive, the resulting breakthrough prole is sigmoidal. [57]
Yoon and Nelson described a more empirical approach to predict half saturation of sin-
gle component systems. [58] The Yoon and Nelson equation is expressed as
ct
c0 − ct = exp(kYN t − τ50kYN ) (2.14)
where τ50 is the time when the outow concentration ct reaches 50% of the inow c0,
while t is the operation time. [59] The rate constant kYN determines the shape of the
breakthrough curve without giving detailed information about the adsorbent, the ad-
sorptive and the physical properties of the column bed. Applying the Thomas model




where qeq is the maximum adsorption uptake at equilibrium, m is the adsorbent mass,
c0 the initial adsorptive concentration, and Q is the volumetric ow rate of the mobile
phase. [60,61] This transformation makes it possible to compare columns of dierent di-
mensions under the assumption of Langmuir adsorption isotherms, the lack of axial




Liquid phase adsorption takes place at the interface between a liquid and a solid. A ma-
terial class with a large interface and therefore most suitable for adsorption are porous
carbons. Carbon has become one of the most important elements in material science and
some scientists even say that human mankind has arrived the carbon age. [62] Carbon
allotropes provide a wide variety of physical properties for a large spectrum of appli-
cations. [17] By modifying the synthesis conditions and carbon precursors, the resulting
carbonaceous product can be tuned from an electron conducting (graphite) to an insu-
lating material (diamond). One- and two-dimensional carbon materials like carbon nan-
otubes (CNT) and graphene show unusual electric [63] and mechanical properties such
as high tensile strength of up to 63 GPa. [64,65] On the other hand, gaseous carbon com-
pounds (CO2 and CH4) depict one of the biggest threats for planet earth accelerating the
greenhouse eect.
Porous carbon itself is no individual carbon modication but an agglomeration of small
graphitic domains with structural defects causing cleavages and voids. They can be used
as catalyst support for many heterogeneous reactions and for the storage of gases. While
many carbon modications were discovered just recently, porous carbons have been in
use for a very long time. Due to their good electric conductivity, porous carbons are ap-
plied in many energy applications like electric double layer capacitors (ELDCs) [66], fuel
cells (FCs) [67,68] or lithium batteries (LiBs) [69] as electrochemically active component or
host material. Furthermore, porous carbons are used to selectively remove substances
from their environment involving air and water purication, or medical applications.
For instance, activated carbon lters are used to remove mercury from coal power plant
exhausts, which becomes more and more important, especially in Germany since nuclear
power plants were forced to shut down. [70] The non-polar pore surface of porous car-
bons is predestined for the removal of various volatile organic compounds from air. [71]
In the medical eld, porous carbons are utilized for blood cleansing of inammatory
mediators (cytokines) in conditions such as sepsis or auto-immune diseases. [16,72,73] The
same principle was adopted to recover drugs from crude plant-based protein mixtures,
which plays an important role in this thesis. [14,40,74]
All these applications base on the large surface area of porous carbons (>1000 m2 g−1),
which is caused by an inner pore structure in the nm-range. Size, geometry, and dis-
tribution of these pores have a crucial inuence on the performance of the carbon in
adsorption. Hence, it is important to know its inuence and to have full control over the
pore size distribution and their polarity to tailor interactions between adsorbent and ad-
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sorbate. The following chapter deals with dierent kinds of carbon materials. Activated
carbons are abundant and low-cost but exhibit a broad pore size distribution. Other ma-
terials like templated or carbide-derived carbons are necessary to have full control over
pore size from micro- to mesopores. Heteroatom-functionalization displays a technique
to tune the polarity of the carbon while maintaining its porosity and electric conductiv-
ity.
2.2.1 Activated Carbon
With an annual production of about half a million tons, activated carbons are by far
the most common porous carbon class used in nearly every sector of daily life. [75] In
principle, activated carbon can be described as a pyrolyzed raw material that consists
of defective and disordered graphene sheets, whose inner porosity evolved by further
carbon leaching. This leaching step is called activation. A suitable raw material should
depict a macromolecular system. Otherwise, the raw material would just decompose to
volatile molecules upon pyrolysis. Depending on its nal application, the raw material
can contain further heteroatoms (O, N, S) that are build in the carbon matrix during py-
rolysis. Possible resources are coals, peats, wood, fungi, coconut shells, or some special
polymers. The precursor is pyrolyzed at temperatures above 500 °C under an inert atmo-
sphere (N2, Ar). Thereby, low molecular weight substances like water or CO2 exit the raw
material leaving behind unbound carbon atoms that reorganize now to small graphene
sheets containing ve, six, and seven rings. These irregularities in the graphene struc-
ture lead to curvatures and the development of voids and cavities denoted as intrinsic
microporosity.
Additional activation steps are performed to widen the pore entries increasing the poros-
ity and making them accessible for adsorptives. Activation is divided into physical and
chemical approaches. Physical activation displays the partial gasication of carbon us-
ing carbon dioxide (eq. 2.16), oxygen (eq. 2.17), or steam (eq. 2.18). [75,76]
CO2 +C ⇄ 2CO (2.16)
O2 + 2C ⇄ 2CO (2.17)
H2O +C ⇄CO +H2 (2.18)
The activation of carbon with carbon dioxide is known as the Boudouard reaction. Car-
bon burn-o can be controlled by temperature and CO2 concentration. [75] Topographical
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features of the respective carbon lead to very dierent burn-o behaviour and pore size
distributions. The kinetics of the activation reaction have also an impact on the resulting
porosity. For instance, activation with water leads to relatively small pores compared to
the activation with oxygen, which is hardly controllable due to its exothermic character.
Chemical activation steps using potassium hydroxide, zinc chloride, or phosphoric acid
result in much more ordered carbon structures and higher carbon yields. [77] Although
chemical activation methods are commonly used methods, the reaction mechanism has
not been well understood due to its complexity. In general, chemical activation agents
act as dehydrating agents leading to a more narrow pore size distribution and a higher
carbon yield than physical activation steps. It was shown recently that a carbon with
relatively small and uniform pores, and a specic surface areas of up to 1600 m2 g−1 is
achieved by the activation of coconut shells with potassium hydroxide. [78] The resulting
porosity is hardly predictable, because the arrangement of carbon atoms in the precursor
inuences their reactivity towards the activation agent and a typical feature of natural
raw materials is their diverse chemical composition. Depending on the raw material and
activation agent, the resulting activated carbon exhibits a more or less broad pore size
distribution. [79]
2.2.2 Templated Carbons
Figure 2.8: Schematic illustration and corresponding TEM-pictures of hexagonal ordered meso-
porous silica material SBA-15 (left) and the cubic ordered KIT-6 (right). Reprinted with permission
from Ref. [80]. Copyright ©2008 by Elsevier.
Templating approaches produce porous carbons with nearly monodisperse pores. Here,
the formation of pores is straight forward — a template with a requested dimension is
removed from a carbon matrix and a void replica of this template is left behind. In de-
pendence of the template size, porous structures are accessible in a wide range from
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micropores to meso- and macropores. [81] Ryoo et al. synthesized mesoporous carbons
with ordered pores using hard-templates. [82–87] Therefore, a carbon precursor like su-
crose or furfuryl alcohol is inltrated into an ordered mesoporous silica template (SBA-
15 [88], MCM-41 [89], KIT-6 [90]) (Fig. 2.8). The resulting composite is then carbonized un-
der argon. After template removal, a replica structure with narrow mesopore size dis-
tribution and high surface areas is obtained (also known as CMK materials). [91] The
pore size, connectivity, and geometry can be tuned with the type of template. Un-
ordered and larger pore structures are obtained by using colloidal silica nanoparticles
(Fig. 2.9) [92–94] or mesocellular silica foams as templates. [95] Furthermore, microporous
templated carbons, which provide specic surface areas of up to 3000 m2 g−1, can be
obtained from the inltration of zeolite templates. [96–98] The resulting pore size is well-
dened as it is determined by the crystal structure of the zeolite. The use of sacri-
cial polymer particles (polystyrole or polymethylmethacrylate) eliminates an extra tem-
plate removal step because the particles decompose during carbonization. [99] Another
approach makes use of amphiphilic structure-directing agents (SDA) as sacricial pore-
forming templates. [39,100] These compounds form micelles in solution analogue to the
synthesis of mesoporous silica materials that are used as hard-templates. Instead of a
silica source, a carbon precursor is added and assembles around the micelles. [101] Af-
ter cross-linking of the precursor, template elimination, and pyrolysis, porous carbons
are obtained. Various pore geometries are formed according to the phase diagram of
the respective SDA/solvent system ranging from 2D hexagonal to 3D cubic and lamel-
lar. [102,103] The pore size depends on the size of the micelles, which is inuenced by the
surfactant and the use of swelling agents.




Another way to produce porous carbons with uniform pore size distributions is to selec-
tively extract metal atoms out of a metal carbide matrix. [104] Obtained carbons are known
as carbide-derived carbons (CDC). Their pore size can be tuned with sub-angstrom ac-
curacy depending on the crystal structure of the used carbide and the synthesis tem-
perature. At high temperatures, gaseous halogens X2 react with the metal carbide MC:
aMC(s) + b
2
X2(д) ∆Ð→MaXb(д) + aC(s). (2.19)
Volatile metal chlorides MaXb are formed that leave behind a mostly amorphous carbon
material. In recent years, CDCs have been synthesized from a wide variety of binary
(SiC, TiC, WC) and ternary (Ti3AlC2, Ti3SiC2) metal carbides. The most commonly used
halogen is chlorine. Ternary carbides exhibit a layered structure of metal atoms resulting
in a wide pore size distribution with multiple maxima. [105] On the contrary, chlorination
of binary carbides often leads to CDC materials with a nearly perfect monomodal and
narrow pore size distribution. The carbon atoms start to self-organize and graphitize
at higher chlorination temperatures leading to a widening of the pore size. [30,106] For
TiC-CDC, the average pore size can be tuned from 0.5 to 0.8 nm by increasing the chlo-
rination temperature from 400 to 1000 °C. [107] The possibility to tune the pore size with
such high accuracy while keeping the pore polarity constant plays a tremendous role
for fundamental adsorption experiments. It was shown for several examples that the
adsorption potential increases when the size of the pore ts exactly the size of the ad-
sorbate. [31]
To introduce larger pores as diusion pathways into the pore network, the hard and soft-
templating approach explained in section 2.2.2 can be combined with polymeric carbide
precursors and the chlorination process. [108,109] In the rst step, a mesoporous carbide
is synthesized by inltrating a polycarbosilane precursor into the hard-template, which
can be SBA-15 in the case of OM-SiC-CDC. [110] After pyrolysis and template removal, an
amorphous carbide is obtained in contrast to crystalline bulk carbides. A key feature of
the CDC process is the conservation of the shape of the carbide precursor during metal
extraction. [111] Hence, the mesoporous structure of the ordered carbide is maintained
and only micropores are introduced. [112]
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Figure 2.10: Schematic synthesis of carbide-derived carbons.
2.2.4 Heteroatom-Functionalized Carbons
A polar pore surface can increase adsorbent-adsorbate interactions and inuence selec-
tivity. Common polar adsorbents like nm-sized or porous metal oxides, porous polymers,
or zeolites lack high specic surface areas and electric conductivities of porous carbons.
Unfortunately, the majority of activated, templated or carbide-derived carbons are quite
non-polar materials due to their low heteroatom content. Especially CDCs exhibit a very
low heteroatom content due to oxygen-free synthesis conditions. Introducing a dopant
into the carbon matrix can selectively change characteristics of the pore surface or even
increase the electric conductivity of the carbon. [113] The most common heteroatoms for
doping are nitrogen and oxygen [114] but elements like boron, phosphorus or sulfur [70,115]
can be introduced into the material as well. Heteroatoms can be build in the carbon bulk
by using suitable raw materials or by post-synthetic modications.
The rst strategy requires a precursor that contains the desired heteroatom covalently
bound to carbon resulting in high heteroatom contents after pyrolysis. During heat
treatment under inert conditions, the initial precursor decomposes and new bonds are
formed. Doping with electron rich heteroatoms (N, O) produces an excess of free electron
pairs leading to a higher electron density at the pore surface. Electron decient elements
like boron (B) lead to the opposite situation. With increasing pyrolysis temperature, less
heteroatoms are introduced in the carbon bulk as the C-C bond becomes thermodynami-
cally favourable. A maximum nitrogen content of 19.2% was achieved for an ionic liquid
precursor. [116] Hao et al. pyrolyzed a nitrogen-containing copper salt and obtained a
highly nitrogen- (14%) and oxygen- (26%) doped porous carbon after copper removal.
The combination of high heteroatom content and ultramicropores leads to unusual high
attractive interactions towards polar adsorbates like water. Other nitrogen-containing
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precursors are polymer and protein sources, or melamine, which can be added to already
existing precursor systems. [117] Pore evolution of such carbon materials is achieved via
above described template and activation approaches.
Pyridinic, pyrrolic, and quarternary nitrogen groups are identied to be the main ni-
trogen species in such carbons (Fig. 2.11). Other nitrogen functional groups are rarely
present because elimination and conversion reactions to more stable forms occur, but it
was demonstrated recently that carbonization at low temperatures partially conserves
some functional groups of the precursor and therefore its properties. [118] Fuchs et al.
demonstrated that the carbonization product of a chiral ionic liquid showed a selective




























Figure 2.11: Schematic illustration of acidic and basic oxygen (left) and nitrogen (right) surface func-
tionalities on a carbon basal plane.
The advantage of post-synthetic functionalization is the absence of expensive precur-
sors that contain nitrogen. Only the pore surface is modied, while nearly every ex-
isting carbon including cheap activated carbons can form the carbon backbone. Hence,
the pore size does not change drastically. This enables the investigation of the inuence
of pore surface polarity independently from pore size eects. As only the carbon back-
bone is decorated with heteroatoms, rather moderate heteroatom contents around 5%
are achieved. [115] Oxygen groups can be introduced by mild oxidation agents that avoid
complete oxidation of the carbon matrix. High temperature solid-gas reactions using
oxygen sources like H2O [119] and O2 [120] often lead to a further activation of the carbon
and hence an undesired pore widening. Liquid-solid reactions at moderate temperatures
make use of oxidation agents such as H2O2, KMnO4, or HNO3 and avoid pore widen-
ing. [121,122] Predominant oxygen species after functionalization are identied as acidic
phenol or carboxyl groups, or basic ketone and ether groups (Fig. 2.11).
Inltration of porous carbons with melamine and subsequent carbonization results in
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a thin nitrogen rich layer at the pore surface that contains high amounts of pyrrolic
and pyridinic nitrogen species. [123] The high temperature step makes a precise control
over the surface chemistry impossible. Typically, treatment under NH3 atmosphere at
temperatures around 800 °C produces a higher amount of basic amine groups by the
substitution of -OH groups. [124–126] Liquid-solid reactions enable full control over the
desired surface chemistry. In principle, any amine can be grafted on a carbon surface
via amide or C-C bond formation. [127,128] This enables a wide variety of precisely tunable
adsorbent-adsorbate interactions including chiral functionalities.
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2.3 Blood Pressure Regulation and the
Angiotensin-Converting Enzyme
An important part of this thesis was the adsorptive recovery of bioactive peptides from
crude protein mixtures that have the ability to interact with angiotensin-converting en-
zyme (ACE, peptidyldipeptide hydrolase E.C. 3.4.15.1). The somatic ACE plays a central
role in blood pressure regulation, where it takes part in two important regulation sys-
tems. Hence, ACE is a major pharmacological target for blood pressure therapies. It is
important to know and understand its structure and mechanism to nd and extract new
inhibitors.
2.3.1 Regulation of the Arterial Blood Pressure
Blood Pressure Regulating Systems
The renin–angiotensin–aldosterone system (RAAS) controls the uid and electrolyte
level of our body inuencing the blood pressure. At low blood pressures or low Na+
levels, the kidneys produce the angiotensinogenase renin and release it to the blood.
Renin hydrolyses angiotensinogen to angiotensin I (Ang I) (Figure 2.12). Ang I has no
eect on blood pressure but it is hydrolysed to angiotensin II (Ang II) by ACE. It catalyses
the aldosterone production leading to the retention of H2O and Na+ from urine in the
kidneys. [129] It is also a strong vasoconstrictor for smooth muscles of all blood vessels
leading to increased blood pressure. [130]
Beside RAAS, the renal kallikrein-kinin system (KKS) has a central function for blood
pressure regulation (Figure 2.13). [131] The plasma protein kininogen is hydrolysed by
serin-peptidase kallikrein to kallidin, which is a potent vasodilator widening blood ves-
sels. N-terminal splitting of lysine releases bradykinin. Kallidin and bradykinin are both
bioactive oligopeptides that bind to transmembrane G-protein-coupled receptors lead-
ing to relaxation and widening of arterioles and capillaries, and hence a lowered blood
pressure. [132] ACE splits bradykinin to inactive fragments resulting in increased blood
pressure.
Angiotensin-Converting Enzyme
ACE plays a key role in blood pressure regulation for all kinds of mammals due to release
























Figure 2.12: Schematic illustration of the renin–angiotensin–aldosterone system. [129]
in 1954 from horse plasma. [133,134] As a dipeptidyl carboxypeptidase, it splits dipeptides
from the C-terminus of longer peptide chains. Two dierent forms of ACE are present
in the human body, of which the smaller germinal form gACE plays only a minor role
for blood pressure regulation. The somatic form sACE with its 1306 amino acid units
can be found in endothelial cells. High concentrations can be found in capillaries of
lung, kidney, and small intestine. [135] An intracellular 28-residue carboxy-terminal cy-
tosolic domain and an extracellular 1227-residue are bound to an anchoring 22-residue
transmembrane domain (Fig. 2.14). The extracellular domain is heavily glycosylated and
divided in an N- and C-domain each oering a histidine-containing zinc-binding site
(...His-Glu-X-X-His...). The majority (70%) of each domain is arranged as α-helices form-
ing an inner cavity, in which the zinc ion and the active site is located. Both zinc ions
serve as a cofactor for the active site taking part in the peptide cleaving. [136] Zinc is co-
ordinated tetrahedral by two His and one Glu-residues, and one water molecule. [137,138]
It is comprehensible that blocking the active site leads to inhibition of ACE and to the
reduction of blood pressure. To nd new and eective inhibitor molecules that bind to
ACE, it is of crucial importance to know and understand how ACE cleaves peptides and
takes part in the above described RAAS and KKS systems. It is known that ACE cuts o
dipeptides from the C-terminus of the substrate but the exact mechanism of this hydrol-
ysis is still unknown. It is assumed that the substrate rst replaces the water molecules













Figure 2.13: Schematic illustration of the renal kallikrein-kinin system. [132]
the C-O double bond of the peptide enabling the hydrolysis of the amide bound. A pos-
itively charged Arg-side chain interacts with the negatively charged carboxy group of
the C-terminus and stabilizes the substrate-enzyme complex at the binding site. Other
amino acids are also able to interact with the substrate and form hydrogen bonds. Their
steric arrangement causes very specic substrate interactions according to the lock and
key model, where the last three amino acids at the C-terminus determine the selec-
tivity. [139] Molecules with a terminal dicarboxy amino acid (Glu, Asp) are only weakly
bound, while C-terminal aromatic amino acids like Trp, Tyr, or Phe favour the complex.
If the N-terminal of the cleaved dipeptide residue contains a non-linear aliphatic side
chain, the bonding is also enhanced. [140]
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Figure 2.14:Three-dimensional reconstruction of the electron microscopic appearance of porcine so-
matic ACE combined with human ACE crystal structures showing its two domains and active sites.
Reprinted with permission from Ref. [138]. Copyright ©2013 by The American Society for Pharmacol-
ogy and Experimental Therapeutics.
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2.3.2 Inhibition of the Angiotensin-Converting Enzyme
Inhibition of ACE is one of the main strategies to treat hypertension. Many inhibitors
can bind reversibly at the active site of ACE with thiol, ketone, or carboxy groups and
compete with the substrate for free binding sites. [141] Structural similarities with ACE-
substrates like bradykinin and Ang I increases the eectiveness of the inhibitor. Knowl-
edge about the crystal structure and binding sites of ACE allows the systematic search
for new inhibitor molecules.
2.3.2.1 Synthetic Inhibitors
First vasodilating substances were isolated from snake poison of Bothrops jararaca (a
species of pit viper) in 1965. [142] Oligopeptides with a C-terminal Phe-Ala-Pro residue
were identied as hypotensive structures binding competitively to the active site. Based
on this discovery, further research aimed to nd synthetic inhibitors with a similar struc-
ture. [143]
The rst commercial ACE-inhibiting drug was captopril (Tab. 2.1). The proline-like
residue interacts with the Arg residue of the active site, while the thiol group bonds
strongly to the zinc cation. [139] Further developments replaced the thiol group by a car-
boxy group trying to minimize side eects. Enalapril and lisinopril exhibit a C-terminal
Pro residue and a N-terminal aromatic ring leading to strong ACE-inhibition. These
drugs feature no cleavable amide bonds and ensure long-time competitive inhibition.
Most inhibitors bind non-selectively to both domains of ACE. Each domain features a
catalytically active centre with 89% identical amino acids and similar topology. [136,145]
Nevertheless, they dier in their substrate selectivity due to various binding sites. The
C-domain is mainly responsible for Ang I hydrolysis in vivo, while both C- and N-domain
catalyse bradykinin degradation. The N-domain regulates further physiologically rel-
evant processes like the splitting of the antibrotic substrate AcSDKP. [146] Inhibition
of both domains results in increased bradykinin levels and undesired side eects like
dry cough or angiooedema. [7] Theoretically, the treatment with C-domain selective in-
hibitors leads to an eective reduction of blood pressure with minimized side eects
compared to the non-selective inhibition of both ACE-domains. [147] Recently, natural
ACE-inhibitors like Ile-Trp were discovered to show domain selectivity. [148]
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Table 2.1: Synthetic ACE-inhibitors and required inhibitor concentration to inhibit 50% of ACE-
activity (IC50). [144]



























2.3.2.2 Natural Inhibitors and Their Preparation
Possible candidates for the treatment of early stage hypertension are special bioactive
peptides that are capable to bind at the active sites of ACE and compete with Ang I. [8–11]
In the last years, such peptides have been isolated from various animal- and plant-based
proteins such as from salmon or soy. [149,150] Whey proteins are regarded as an eec-
tive source for antihypertensive peptides. [151] Pro-containing tripeptides Ile-Pro-Pro and
Val-Pro-Pro can be isolated from milk proteins that were fermented with Lactobacil-
lus helveticus and Saccharomyces cerevisiae. [152] They exhibit the typical C-terminal Pro
residue and micromolar IC50 values, but are of minor relevance in terms of in vivo bioac-
tivity. [12,153]
A C-terminal Trp-moiety interacts with the binding site of ACE similar to the Pro-moiety
of captopril, which leads to an eective reduction of blood pressure. It was shown that
such peptides inhibit selectively the C-domain of ACE leading to reduced side eects. [148]
N-terminal non-linear aliphatic amino acids (Val, Ile, Leu) favour this selectivity. Fur-
thermore, Trp-containing dipeptides are expected to give better in vivo ACE-inhibition
31
2 Theoretical Part
due to their good stability against simulated digestion. [8] An inuence on blood pressure
has already been observed for spontaneously hypertensive rats. [154] A bioavailability for
humans was shown in clinical trials. [13]
Basically, bioactive peptides can be derived by two dierent strategies. Short peptides
are synthesized either by bottom-up recombination of amino acids or top-down hydrol-
ysis of proteins as precursors for bioactive peptides. [155,156] The former approach can
be realized in vitro by synthesis but up-scaling is complex and expensive. Releasing
ACE-inhibiting peptides from their parent proteins by enzymatic hydrolysis e.g. during
gastrointestinal digestion [157–159], or by fermentation and maturation processes utilizing
bacteria [160,161] is an attractive top-down approach. For example, Ala-Trp and Trp-Val
could be extracted from salmon muscle hydrolysate. [150] Bovine α-lactalbumin and hen
egg white lysozyme (HEWL) are excellent sources for tryptophan-containing dipeptides
as they contain 6 and 8 mol% Trp in their primary structure, respectively, and are mas-
sively abundant. Specially selected enzyme combinations are far more eective and con-
trollable in the release of Trp-containing peptides than human digestion. In silico simu-
lations of a two stage chymotrypsin and thermolysin hydrolysis of α-lactalbumin using
the ExPASy peptide cutter predicts the release of 21.5 mg Ile-Trp per g of protein. [162] So
far, Ile-Trp is the strongest ACE-inhibitor among bioactive peptides (IC50=0.7 µM) and
can be released by other enzyme combinations as well, e. g. alcalase and trypsin. [163]
HEWL exhibits a similar tertiary structure asα-lactalbumin and hence can be hydrolysed
with the same enzymes under release of Ala-Trp (IC50=20 µM) instead of Ile-Trp. [163]
2.3.2.3 Enrichment of Natural ACE-Inhibitors
Although the described enzyme combinations are eective in splitting selected pep-
tide bonds, the content of antihypertensive peptides in such hydrolysates is rather low
due to the huge excess of inactive and larger oligopeptides, which are less relevant for
blood pressure regulation and in vivo availability. [164] Thus, further purication steps
are required to enrich the Trp-containing dipeptides and, thereby, enhance the ACE-
inhibition.
To separate short-chain peptide fractions from longer oligopeptides and proteins, ultra-
ltration is a reasonable approach. [165] Most membranes consist of polysulfone or cellu-
lose derivatives and separate by their pore size. It is possible to combine hydrolysis and
separation in one reactor by immobilization of enzymes at the membrane and continu-
ous separation of products. [166] Unfortunately, membrane fouling limits the long-term
use of such systems. [167]
32
2 Theoretical Part
Enzymatic hydrolysis releases ACE-inhibiting peptides and other protein fragments of
similar chain length, which cannot be separated by ultraltration. Other techniques that
separate by physical/chemical properties are required. O’Loughlin et al. combined ul-
traltration with isoelectric focusing to exploit dierent overall charges of peptides at
the same pH. [168] Leeb et al. immobilized ion-exchange functional groups at membranes
and tried to separate by an applied cross ow electric eld. [169] They achieved a three-
fold increased ACE-inhibition of a β-lactoglobulin hydrolysate due to enrichment of in-
hibitors.
Above described techniques separate either by polarity or size, and display expensive
production steps. Adsorptive enrichment methods on the other hand can be used to
selectively separate and concentrate the desired peptide fractions under mild operation
conditions with full control over the adsorbent properties. Porous carbons with large
mesopores (foam-like carbons) have been used to gather large enzymes like glucose-
oxidase. [170] Carbons with smaller mesopores are well-suited for the adsorption of smaller
proteins. Mesoporous CDC materials were investigated for the clearance of cytokines
from blood plasma curing sepsis syndrome. [16,72,171] Ordered mesoporous carbons were
used to remove microcystins, a class of toxins produced by some cyanobacteria, from
fresh water. [172] Granular activated carbons with a broad pore size distribution were
also investigated for the adsorption of microcystins produced by cyanobacterium Mi-
crocystis aeruginosa. [14] The pH value plays an important role for peptide adsorption as
the overall-charge of the carbon and the peptide leads to specic interactions. [40] The
smaller pore size leads to preferential adsorption of microcystins with low molecular
weight between 1 and 4.5 kDa, while larger fragments are excluded.
This pore size-limitation is not a drawback but can be exploited to adsorb size-selectively
small molecules like diclofenac or caeine for water treatment. [173] Peptides or even
smaller amino acids have been extracted for a long time. For instance, microporous ac-
tivated carbon is used to remove bitter tasting aromatic amino acids and peptides from
milk products. [15,174]
Instead of removing the vast majority of unwanted and less active peptides that show
multiple chain-length and polarities, it is far more ecient to tailor a porous carbon and
selectively enrich the small fraction of ACE-inhibitors, which all show similar physic-
ochemical properties. The principle is simple — microporous carbons are incubated
with a protein hydrolysate that contains bioactive peptides in low concentrations be-
side other protein fragments. Those longer fragments are not able to enter the inner
porosity of the carbon particle (Fig. 1.1). Short di- and tripeptides enter the micropores,
where they interact with the pore wall depending on their hydrophobicity. [164,175] Af-
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ter removal of residual protein solution, the carbon adsorbent is eluted with a suitable
solvent yielding an inhibitor enriched peptide fraction. Adsorption on activated car-
bon combines mild operation conditions and non-toxic adsorbent materials produced
from natural waste materials like coconut shells. Since the main objective in this work
was to separate hydrophobic and Trp-containing dipeptides from more hydrophilic and
long-chain peptides, porous carbon materials with a well-dened micropore structure
are perfectly suited combining the size exclusion eect with a highly hydrophobic sur-
face. Rodriguez-Illera et al. were able to recover the bioactive tripeptide Ile-Pro-Pro
from a crude protein hydrolysate after carbon treatment. [74] It was shown that especially
shorter peptides can be enriched. In the same manner, it was possible to purify bioactive
Trp-containing milk protein-derived dipeptides that inhibit xanthine oxidase leading to





Lithium-sulfur batteries (LSB) are a promising alternative to common lithium-ion batter-
ies with theoretical capacities of up to 1672 mAh per gram sulfur and theoretical energy
densities of up to 2600 Wh kg−1. [18] First patented in 1962 and then forgotten, their devel-
opment attracted new interest when the upcoming market for electric vehicles required
higher capacities than lithium-ion batteries could provide. [177,178] A LSB consists of a
sulfur cathode that is separated from the lithium anode by a separator and a lithium-ion
conducting electrolyte (Fig. 2.15). Typical electrolytes are organic ether solvents mixed
with ionic lithium salts such as lithium bis(triuoromethylsulfonyl)imide (LiTFSI). En-
ergy release occurs under stepwise reduction of sulfur to lithium sulde at the cathode
side and oxidation of lithium at the anode side of the battery:
S8
+4LiÐÐ→ 2Li2S4 +4LiÐÐ→ 4Li2S2 +8LiÐÐ→ 8Li2S . (2.20)
The major polysulde (PS) species formed at the rst reduction peak are S42− and S52−
undergoing fast chemical reactions with residual sulfur forming longer PS. [20] The elec-
trochemistry of LSBs causes several problems that hindered their commercial success for
a long time. Elemental lithium anodes tend to form dendrites during charge leading to
short circuits and early cell failure. Furthermore, organic electrolytes react with metallic
lithium drying out the battery. Lithiated hard carbon [179] and silicon [180] electrodes are
proposed as an alternative having a much more stable solid-electrolyte interface (SEI)
but at the expense of lower energy densities. Sulfur and its discharge products feature a
very low electric conductivity, which results in a high polarization and lowered energy
eciencies. This issue was addressed by adsorbing sulfur into a nanoporous carbon host
material, which keeps the sulfur nano-sized and assures a maximum utilization. [181,182]
The other problem has to do with intermediate PS. While sulfur and lithium sulde are
both hardly soluble in most electrolyte solvents (dimethylglyoxime, dioxalate, tetrahe-
dron), Li2x (x=2-8) are well soluble. In contrast to covalent S8 molecules, these PS are
polar and ionic species, and show only weak interactions with commonly applied cath-
ode host materials such as porous carbon. Longer PS diuse towards the anode side,
where they are not available anymore for further reduction. Instead, they are chemi-
cally reduced by lithium to short PS. They can now move back to the cathode and react
with sulfur to longer PS again. This parasitic migration phenomena is described as the
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so-called PS-shuttle and promotes the continuous loss of active material from the cath-
ode side accounting for a low coulomb eciency. [19]
Figure 2.15: Schematic illustration of a typical lithium-sulfur battery.
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2.4.2 Recent Progress on Suppressing the Shule Mechanism
The PS shuttle causes early cell failure and many strategies have been presented to over-
come capacity degradation. A balanced and optimized sulfur loading, discharge regime,
and electrolyte amount can prolong the lifespan of the battery but it does not address
the actual shuttle mechanism. [183] The formation of an eective SEI by the addition of
LiNO3 to the electrolyte is supposed to suppress the direct reaction of polysuldes with
lithium. [184] Even then, PS will dissolve from the cathode. Due to shrinkage and ex-
pansion of the anode during dis-/charge, the SEI has to form again under consumption
of solvent and active material. New solid electrolyte systems promise higher stabili-
ties against lithium than organic solvents and an exclusive lithium conduction. [185,186]
It is often reported that carbon materials with very narrow pores prolong the lifespan
of a battery. [187] Sulfur forms chains and changes its electrochemistry in the conned
environment of those narrow pores and avoids the formation of soluble PS. [188,189] Meso-
porous materials [92] and the complete encapsulation of sulfur [190] have been reported to
have a prolonging eect on the battery life, too.
The addition of PS trapping agents like hydrophilic polydopamine-functionalized sepa-
rators [191], bifunctional binders [192] or porous oxides [193,194] directly suppresses the par-
asitic shuttle mechanism by adsorbing PS and keeping them at the cathode side. Porous
carbon interlayers are placed between the cathode and the separator to hold back PS. [195]
Such additives or extra cell compartments all count as extra mass for an actual battery
and reduce the energy density of the whole device. Furthermore, PS that are trapped at
the binder or separator are electrochemically inactive and, hence, non-relevant for fur-
ther cycles. Hence, it is most straight forward to design a carbon cathode host material
that is able to entrap PS itself and simultaneously exhibits an excellent electric conduc-
tivity that assures an uniform re-deposition of sulfur during cycling as well as a superior
electrochemical utilization.
A wide variety of cathode materials have been presented promising stronger interactions
with PS. Conductive metal oxides oer good adsorption sites for PS but lack the high
porosity and low density of carbon materials. [22–24] The structural exibility of porous
carbon materials oers a broad variety of surface modications and hence the implemen-
tation of ecient PS traps directly in the cathode material. Several nitrogen-doped [21,37]
or microporous carbons [78] are reported to enhance the cycle stability but the entire
charge-discharge mechanism is a complex interplay of dierent redox-, adsorption-,
desorption-, and diusion processes.
Electrochemical characterization can only give an unsatisfactory macroscopic impres-
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sion of what is happening inside the battery and further investigations are necessary to
understand the nature of PS and their behaviour during discharge. The aim of this thesis
was to perform ex situ studies of divergent carbon materials and nd a most-ecient PS
adsorbent. Unfortunately PS are not stable under humid conditions and quantication
requires advanced characterization techniques. RP-HPLC coupled with UV or MS detec-
tion was used to separate and quantify PS during discharge, but derivatization is needed
because of complicated disproportionation reactions. [20,196,197] Raman spectroscopy and
electroanalytical methods were further used to identify or quantify PS. [198–200] As PS so-
lutions appear intensively brownish coloured, investigation with UV/Vis spectroscopy
was used for in situ observations of running cells through a transparent window [201,202]
as well as ex situ studies. [203] Identication of PS in LSB electrolytes conrmed the coex-
istence of dierent species. [204] Furthermore, UV/Vis spectroscopy can be used to quan-
tify polysulde species in solution and evaluate dierent host materials regarding their
polysulde interactions. [205]
38
3 Characterization Techniques and
Experimental Part
3.1 Adsorption Experiments
3.1.1 Used Chemicals and Adsorbents for Adsorption
Experiments
Table 3.1: List of used chemicals and adsorbents for adsorption experiments.
Chemical Formula CAS Reg.
Number
Purity Provider
Abz-LFK(Dnp)-OH C34H41N7O9 ≥98% Sigma
Aldrich
Abz-SDK(Dnp)P-OH C31H38N8O13 97% Enzo Life
Sciences
Alanyl-Tryptophan C14H17N3O3 16305-75-2 Bachem







DLC Super 50 [206] C Cabot
Glycyl-glycine C4H8N2O3 556-50-3 99% Bachem
Glycyl-phenylalanine C11H14N2O3 3321-03-7 99% Bachem




C8H18N2O4S 7365-45-9 ≥99.5% Sigma
Aldrich
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Hippuryl acid C9H9NO3 495-69-2 ≥97.5% Sigma
Aldrich
Hippuryl-histidyl-leucin C21H27N5O5 31373-65-6 ≥99% Bachem
Isoleucyl-Tryptophan C17H23N3O3 13589-06-5 ≥99% Bachem
Ketjen Black EC-600JD C AkzoNobel
ROX 0.8 C Cabot
Super C65 C TIMCAL
Tris(hydroxymethyl)
aminomethane (TRIS)
C4H11NO3 77-86-1 ≥99% Serva
Tryptophan C11H12N2O2 73-22-3 99% Alfa-Aesar
Tryptophanyl-Leucin C17H23N3O3 13123-35-8 98.3% Bachem
3.1.2 Liquid Phase Adsorption of Peptides
3.1.2.1 Batch Adsorption
Adsorption Isotherms
Adsorption properties of peptides were investigated by batch adsorption isotherms. Ex-
periments were performed in welted glasses at 22 °C with magnetic stirring to achieve a
homogeneous adsorbent distribution. For a typical isotherm, 5 mg of porous carbon ma-
terial were mixed with 25 ml of the respective peptide solution in MiliQ water (pH = 7).
After 1 h, the suspension was ltered with 0.22 µm PVDF-syringe lters to separate the
carbon from the remaining peptide solution. The concentration change in the liquid
phase was determined by UV-spectroscopy with external calibration. The equilibrium
was reached, when no changes in peptide concentration were detected. For a whole
isotherm, the initial concentration was varied between 0.1 and 2.4 mM and the carbon





KL ⋅ Γσmax + ceqΓσmax (3.1)
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where KL is the Langmuir coecient and Γσmax the maximum adsorption excess, and the
linear form of the Freundlich isotherm
log Γσ = logKF +n logceq (3.2)
where KF is the Freundlich coecient and the non-dimensional factor n is an expres-
sion of the average binding energy.
Adsorption Kinetics
Particle size specic adsorption kinetics of peptides were investigated in typical batch
experiments for ROX 0.8. The pelletized adsorbent was used in its as-sold form with a
particle size of about 0.8x2-3 mm and in smaller size fractions. Smaller fractions were
obtained by grinding the pristine material and sieving the resulting particles with meshs
of dened size ranging from 50-500 µm. Furthermore, the pristine material was milled
for 2 h with a Pulverisette ball mill (Fritsch) to receive a powder material with particle
sizes below 50 µm (Tab. 3.2). For a typical adsorption kinetic, 40 mg of the respective
Table 3.2: Particle size fractionation of the investigated carbon material ROX 0.8.





ROX-50 Ball milled ≥50
size fraction F50-1000 were incubated with 40 ml of a 1 mM aqueous peptide solution
in a welted glass after wetting of the pores. The sample was shaken constantly during
the incubation using a shaking plate. Small aliquots of 200 µl were taken to control
the peptide concentration of the liquid phase Ct after dened time intervals t . Peptide
concentration was determined via UV/Vis spectroscopy. Adsorption kinetics were tted
using a double exponential model after Wilczak and Keinath. [52,54] The initial eq. 2.11
was modied using the peptide concentration Ct instead of the peptide uptake
Ct =C1 ⋅ exp(−k1t) +C2 ⋅ exp(−k2t) (3.3)
where k1,2 is an empiric diusion parameter and C1,2 is the adsorption constant rate
parameter of the respective adsorption step.
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Peptide Enrichment
Untreated protein hydrolysates were dissolved in 50 ml water (pH = 7) to achieve a com-
parable ACE-inhibitor concentration cIle/Ala−Trp (Tab. 3.3) and thoroughly mixed with 50
mg of the respective carbon material. After 3 h of equilibration, the residual suspension
was ltered with 0.22 µm PVDF-syringe lters to separate the carbon from the remaining
peptide solution. Filtering resulted in a homogeneous distribution of the carbon mate-
rial over the syringe lter and the adsorbed peptides were eluted with an ethanol/water
(50:50 V/V) mixture. The elution was monitored with UV/Vis at 280 nm and stopped
when no aromatic peptides were detectable. The ethanolic eluate was dried in a rotary
evaporator at 45 °C and minimum pressure, and dissolved in water again. Aqueous so-
lutions of the hydrolysate, residue and eluate were freeze dried for quantication with
RP-HPLC. The ACE-inhibitor concentration was determined as the respective mass frac-
tion in mg inhibitor per gram of dried eluate or hydrolysate and the enrichment factor
is dened as the ratio between them.
Table 3.3: Used carbon and hydrolysate masses for incubation experiments including the respective
Ile-Trp/Ala-Trp concentration in the initial hydrolysate.
cIle/Ala−Trp mHydro mC
/mg g−1 /g l−1 /g l−1
AAT 5 6.2 1
ACT1-3 5.5-11.9 6.2 1
LAT 9.6 1.8 1
LCT 27.4 0.9 1
3.1.2.2 Column Adsorption
Breakthrough Curves
Contrary to batch experiments, a peptide solution was pumped constantly through a
column packed with ROX 0.8 as the stationary phase until the outow reached initial
composition (Fig. 3.1). The column dimension was adjusted to the particle size to assure
a homogeneous ow. F1000 was lled in an empty glass column (ø = 20 mm; BIORAD)
whereas F250 was packed in an empty HPLC column (ø = 4.6 mm). A 1 mM Trp solution
was pumped through the column from bottom to top with a membrane pump (KNF ).
The outow was monitored with a owthrough UV/Vis setup. Column capacity was
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determined at the beginning of the breakthrough (ΓσB ) and at saturation of the column
(ΓσS ) by integration of the UV/Vis trace at 280 and 235 nm
ΓσB = vmA ⋅ ∫ tD0 (c0 − c(t)) dt (3.4)
and
ΓσS = vmA ⋅ ∫ tS0 (c0 − c(t)) dt = ΓσB + vmA ⋅ ∫ tStD (c0 − c(t)) dt (3.5)
where v is the ow rate,mA the adsorbent mass, and ct the outow concentration at the
operation time t .
Figure 3.1: Schematic process illustration for the enrichment of hypotensive peptides based on a
columnar adsorber.
Columnar Peptide Enrichment
Columnar peptide enrichment was carried out for F250 and F1000 using the column
setup mentioned above. Instead of a pure Ile-Trp solution, the dissolved hydrolysate
AAT (3.2 g l−1) was pumped through the column until the initial absorbance was de-
tected via UV/Vis at 235 and 280 nm simultaneously. To remove the residual hydrolysate
from the interparticle volume, the column was ushed with water until no unbound pep-
tides could be detected. Subsequently, the mobile phase was switched to ethanol/water
(50:50 V/V, 0.5 ml min−1) to elute the adsorbed peptides. Hydrolysate, residue, and elu-
ate were treated in analogy to batch experiments for further characterization. The ACE-
inhibitor concentration was determined as the respective mass fraction in mg inhibitor
per gram of dried eluate or hydrolysate and the enrichment factor is dened as the ratio
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between them.
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3.1.3 Determination of the ACE-Inhibition
Non-domain-selective Determination [140]
The ACE-activity of protein hydrolysates before and after treatment with porous carbons
was measured in vitro with the substrate hippuryl-histidyl-leucin (HHL). ACE catalyses
the hydrolysis of the synthetic angiotensin-I analogue hippuryl to hippuric acid (HA)
and and histidyl-leucin. The hydrolysis is reduced in presence of ACE-inhibitors.
For a typical enzyme-assay, 25 µl aqueous hydrolysate solution (inhibitor), 50 µl 5mM
HHL in HEPES buer (50 mM HEPES, 300 mM NaCl at pH = 8.3) and 20 µl ACE-solution
(31 mU ml−1 in HEPES buer) were incubated in at-bottomed microtiter plates for 2
h at 37 °C. The enzymatic reaction was stopped by adding 85 µl of 1 M HCl. The HA
amount liberated by ACE was determined by RP-HPLC using an Eurosphere C18 column
(Knauer) and UV-detection at 228 nm. The mobile phase was 3.6 mM formic acid (solvent
A) and methanol (solvent B) with a ow rate of 1 ml min−1. The injection volume was
30 µl and the column was held at 30 °C. The following gradient was applied: 2 min at
15% B, 15-25% B in 10 min, 25-80% B in 2 min, 1 min at 80%, 80-15% B in 1 min, and 3
min at 15% B, before next injection. The maximum enzyme activity was calibrated by
replacing the sample solution by 25 µl water (control sample). Blank samples without
the addition of enzyme were measured to determine the non-enzymatic degradation of
the substrate. This blank value was subtracted from inhibitor and control samples. The
enzyme activity A was expressed as the ratio of released HA in presence of an inhibitor
compared to the control sample
A = cHA(Inhibitor)
cHA(Control) ⋅ 100% (3.6)
The activity was plotted against the logarithmic inhibitor concentration resulting in a
sigmoidal dose-response curve. To compare dierent samples, the inhibitor concentra-
tion IC50 that is needed to inhibit 50% of ACE was determined by tting the curve as a
sigmoidal Boltzmann equation using the software Origin 9.1
A = Amin −Amax
1 + exp{ lд(IC)−lд(IC0)d(lд(IC)) } +Amax (3.7)
where Amax is the maximum and Amin the minimum enzyme activity achieved.
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Domain-selective Determination [148]
For the determination of the C- and N-domain activity of somatic ACE uorescence reso-
nance energy transfer (FRET) substrates, namely Abz-SDK(Dnp)P-OH for the N-domain
and Abz-LFK(Dnp)-OH for the C-domain, were used. Both substrates contain a uores-
cent o-amino benzoic acid (Abz). As long as the substrate is intact, 2,4-dinitrophenol
(Dnp) extinguishes light emission. ACE splits the substrate leading to quantiable uo-
rescence.
For a typical enzyme assay, 40 µl aqueous hydrolysate solution (inhibitor), 30 µl substrate
(1.37 mM Abz-SDK(Dnp)P-OH or 1.45 mM Abz-LFK(Dnp)-OH) in TRIS buer (100 mM
TRIS, 50 mM NaCl at pH = 7.0) were incubated for 10 min at 37 °C. Afterwards, 20 µl of
human plasma (1:3 diluted with TRIS buer) was added and the samples were incubated
for 60 min at 37 °C. Fluorescence was recorded using a Tecan Innite 200Pro in the kinetic
measurement mode with excitation at 320 nm and detection at 420 nm. The uorescence
increases continuously over time which is directly correlated with the ACE-activity. The
slope of the curve was determined in the linear region between 10 and 25 min. Enzyme
activity was expressed as the ratio of the slopes of inhibitor- and control sample
A = Slope(Inhibitor)
Slope(Control) ⋅ 100% (3.8)
The activity was plotted against the logarithmic inhibitor concentration resulting in a
sigmoidal dose-response curve similar to the non-selective enzyme assay. The IC50 value
was determined in analogy to the non-selective enzyme-assay using equation 3.7.
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3.1.4 Liquid Phase Adsorption of Polysulfides
Low resolution liquid phase adsorption isotherms at a carbon:solvent ratio of 2.5 mg ml−1
were obtained from batch adsorption experiments. For an isotherm, three samples of
the respective adsorbent (25 mg) were incubated with previously synthesized Li2S6 so-
lutions in DME/DOL (50:50 V/V) ranging from 2 to 8 mM. After reaching an equilibrium
concentration, the carbon was ltered o the solution and the residual polysulde con-
centration was determined via UV/Vis spectroscopy. The adsorption excess Γσ was de-
termined according to equation 2.2. An averaged polysulde adsorption was determined
by calculating the mean value of the three single samples.
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3.2 Applied Characterization Techniques
3.2.1 Used Chemicals for Characterization
Table 3.4: List of used chemicals for characterization.





Na2HPO4⋅2H2O 10028-24-7 p. a. Merck
Heptauorobutyric acid
(HFBA)
C4F7O2H 375-22-4 99% Alfa-Aesar
Methanol CH3OH 67-56-1 HPLC-grade VWR
Methanol CH3OH 67-56-1 LC-MS-
grade
VWR
MiliQ water H2O EASYPure II Werner Re-
instwasser-
systeme
Nitrogen 5.0 N2 7727-37-9 99.999% Air Liquide
Phosphoric acid (85 w%) H3PO4 7664-38-2 p. a. Grüssing
Potassium dihydrogen
phosphate
KH2PO4 7778-77-0 99.5% Grüssing
Sodium chloride NaCl 7647-14-5 99.9% VWR
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3.2.2 Nitrogen Physisorption
3.2.2.1 Theoretical Aspects
Evaluation of a nitrogen physisorption isotherm at -196 °C based on an IUPAC guide-
line from 1985 is a common characterization method for porous materials. [28] Because
of its quadrupole moment, nitrogen might not be the perfect probe molecule for polar
adsorbents. Furthermore, nitrogen physisorption is only suitable for pores larger than
5 Å due to kinetic limitations. For polar and ultramicroporous materials, other test gases
are needed. Nevertheless, nitrogen physisorption is widely used due to its simple mea-
surement set-up.
For a typical physisorption experiment, the sample is cooled down in a closed measure-
ment cell with liquid nitrogen and no thermostat is required. Certain amounts of nitro-
gen are dosed to the system. An isotherm is obtained by plotting the adsorbed amount
of nitrogen against the relative equilibrium pressure p/p0 inside the measurement cell.
Size, geometry, and polarity of the pores inuence the isotherm shape. According to the
revised version of the IUPAC guideline, there are six dierent adsorption isotherm types
with two subtypes (Fig. 3.2). [29] In microporous materials with pores smaller than 2 nm,
the adsorption potential of the opposite pore walls overlap leading to strong attractive
forces between nitrogen and the carbon pore wall and continuous pore lling at very
low pressures (Type I). The slope of the isotherm becomes even steeper for ultramicro-
porous materials with pores smaller than 0.7 nm (Type I(a)). A plateau at higher relative
pressures due to saturation of the pores is typical for Type I isotherms. For non-porous
(Type II) and mesoporous materials (Type IV) further adsorption due to the formation of
multilayers is possible. Fluid-uid interactions dominate with increasing layer thickness
and at a certain pressure nitrogen condenses in the pores. Condensation rst requires
the formation of a liquid bridge between two pore walls as a condensation nucleus. The
vapour pressure of nitrogen is lowered over this concave meniscus, which leads to spon-
taneous condensation and a steep increase of the adsorbed nitrogen amount. The radius
of the meniscus rm is linked to the relative pressure p/p0 at which pore condensation






where γ is the surface tension, θ the wetting angle, and Vm the molar volume of ni-
trogen. This equation is used for simple mesopore size estimations like the Barett-
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Joyner-Halenda (BJH) method, but the inuence of the polarity and the formation of



































Figure 3.2: Schematic illustration of dierent isotherm- (left) and hysteresis- types (right).
The formation of a hysteresis is explained by a delayed adsorption, where condensation
is hindered by metastable multilayers. During desorption, the meniscus already exists
and evaporation of nitrogen takes place at thermodynamic equilibrium conditions (lower
pressures). The form of the resulting hysteresis gives information about the pore size dis-
tribution and connectivity. [208] According to the revised IUPAC recommendation, there
are ve hysteresis types H1-H5 including one subtype (Fig. 3.2). [29] A H1 hysteresis is
typical for materials with pores of uniform size that are freely accessible. If the pore size
distribution becomes broader and the pore opening is smaller than the pore (ink-bottle
pore), network eects play an important role and a H2 hysteresis is observed. Emptying
of the inner pore is blocked as it can only occur via the pore neck. A H2(a) loop is caused
by pore necks with a sharp size distribution or by cavitation-induced evaporation when
the pore neck is smaller than a critical diameter. A H2(b) loop is also caused by pore
blocking eects but of pore necks with a broadened size distribution. H3 and H4 hys-
teresis are typically observed for non-rigid aggregates of plate-like particles. Beside a
rst assumption of the pore size distribution by the isotherm shape, other information
can be drawn from a nitrogen physisorption isotherm.
Determination of the Specic Surface Area
The specic surface area of the adsorbent can be calculated by the Brunauer-Emmett-
Teller (BET) equation, which describes a multilayer adsorption of a uid on a solid and
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plane surface, and distinguishes between the adsorption energy of the rst and following
adsorbate layers
p(p0 −p) ⋅Vads = 1C ⋅Vmono + C − 1C ⋅Vmono ⋅ pp0 (3.10)
where Vads is the total amount of adsorbed nitrogen, C the BET constant, and Vmono
the amount of adsorbed nitrogen in the monolayer. [209] Plotting the rst term of equa-
tion 3.10 against the relative pressure enables to calculate the volume of the adsorbed
monolayer from the intersection with the ordinate or from the slope of a linear range.
Assuming that the complete pore surface is accessible and nitrogen adsorbs at and in
a dense package at the surface, the specic surface area SSA can be calculated from the
required surface of a single N2 molecule σN2
SSA = NA ⋅Vmono ⋅ σN2
Vmol ⋅mA (3.11)
where NA is the Avogadro constant (6.022⋅1023 mol−1) and Vmol is the ideal gas volume
(22.41⋅10−3m3 mol−1). The equation is still applied for microporous materials despite
that it is limited to a plane surface. Porous carbon materials exhibit a rough pore sur-
face and pores partially smaller than needed for the formation of a complete monolayer.
Hence, caution is needed for microporous materials and some criteria should be taken
into account. [29] The adsorption constantC must be positive in the applied linear range,
in which the term (p0 − p) ⋅ Vads should continuously increase with p/p0. Still, a BET
surface area of a microporous material cannot be treated as an accessible but as an ap-
parent surface area. Nevertheless, BET surface areas are widely used in the literature as
a porosity metric.
Determination of the Pore Volume
If the isotherm shows a plateau at high relative pressures as it is the case for micro- and
mesoporous materials, the total pore volume can be calculated at p/p0 = 0.95 according
to the IUPAC recommendation. [29] For larger pores, nitrogen cannot completely ll the
whole porosity under experimental conditions. Hence, the isotherm does not reach a
plateau and it is necessary to specify a maximum pore size for which the pore volume
was calculated. The amount of adsorbed gaseous nitrogen is converted into its liquid
volume assuming a similar density inside the pores compared to the bulk state.
In this thesis, DFT models were applied for the determination of the micropore volume.
Therefore, the calculated cumulative pore volume as a function of the pore size is evalu-
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ated and only diameters smaller than 0.7 and 2 nm were considered for ultramicro- and
micropores, respectively.
Determination of the Pore Size
The pore size distribution of mesoporous materials can be calculated from the above
mentioned Kelvin equation using the BJH method but it does not take into account
specic uid-wall interactions or metastable multilayers during adsorption. Hence, BJH
systematically underestimates the pore size. [210] Because the adsorption mechanism in
micropores diers signicantly from the pore condensation in mesopores such classical
macroscopic models are not applicable for most porous carbon materials and a more ac-
curate description of the pore size distribution is required.
Microscopic methods on the basis of density functional theory (DFT) calculations depict
a more realistic description of the thermo-physical properties of the pore uid and pro-
duce a more reliable pore size distribution as long as the applied kernel is correct. The
kernel consists of a set of theoretical adsorption isotherms N S(p,r) for pores of dierent
radii r and a given shape. [211] Minimizing the free energy of the system yields a density
prole of the adsorptive in dependence of its distance to the pore wall. A set of density
proles for dierent pressures is transformed into a theoretical local isotherm. The pore
size distribution f (r) is an expression of the weighted contribution of the single theo-
retical isotherms to the experimental ones N S(p) and can be calculated by the solution
of the general adsorption isotherm equation
N S(p) = ∫ rmax
rmin
N S(p,r)f (r)dr . (3.12)
which is a numerical problem that can be solved with regularization mechanisms. [34]
Dierent DFT methods were developed to calculate such density proles. Local density
function theory was used for the calculation of a kernel in the very beginning but it does
not take into account short range correlations between the nitrogen molecules leading
to a strong oscillation behaviour of the density prole and an inaccurate result for very
narrow micropores. [212] Non-local DFT (NLDFT) calculations overcame this situation
by considering also short range correlations and possible phase transitions, and allow
calculation over the whole range from micro- to mesopores. [213,214] NLDFT assumes a
graphitic and smooth carbon surface, but most porous carbons are composed of curved
graphene sheets with defects in its hexagonal structure leading to variations of the po-
tential energy across the surface. [25,215] Hence, it comes to articial deviations between
calculated and experimental isotherms of carbon materials with geometrical or chem-
ical surface heterogeneities. [216,217] Quenched solid density functional theory (QSDFT)
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overcomes this problem by a multicomponent DFT that treats solid atoms as quenched
components of the solid-uid system and calculates the pore size distribution very pre-
cisely. [50,218]
3.2.2.2 Experimental Procedure
The porosity of the adsorbent was characterized by nitrogen physisorption at -196 °C.
Samples were activated in vacuum at 150 °C for at least 24 h prior to the measurement.
Porous samples that were lled with solid adsorbate (sulfur, peptides) were activated in
vacuum at room temperature to avoid sublimation. Low pressure nitrogen physisorption
was measured using a Quantachrome Autosorb 1C apparatus. A Quantachrome Quadra-
sorb apparatus was used for standard measurements. Water vapour physisorption was
performed at 25 °C using a Quantachrome Hydrosorb 1000 apparatus. The ASiQwin 3.01
software from Quantachrome was used for data evaluation. Specic surface area was
calculated using the multipoint BET-method for pressure ranges fullling the condition
that the plot n(1-p/p0) vs. p/p0 has a positive slope. This condition was fullled between
p/p0 = 0.05-0.2 for most samples. The total pore volume was calculated at p/p0 = 0.95.
The pore size distribution was calculated according to the quenched solid density func-
tional theory (QSDFT) adsorption model for slit/cylindrical pores for carbon samples at
-196 °C implemented in the software. The specic micropore volume and surface area
was determined with the same QSDFT method.
53
3 Characterization Techniques and Experimental Part
3.2.3 UV/Vis-Spectroscopy
UV/Vis-spectroscopy displays the absorption of monochromatic light of the ultra-violet
(UV) and visible (Vis) spectral region due to electron transitions of the sample for qual-
itative and quantitative investigations. It can be used for detection of concentration
changes of single species in the liquid phase due to adsorption. In dependence of the
respective wavelength, specic transitions occur and the intensity of the transmitting
or reected light in decreased. Specic transitions can occur between orbitals of dif-
ferent energy: i.e. HOMO-LUMO in organic molecules, degenerated d-orbitals in the
ligand-eld, or valence- and conduction band in bulk semiconductors. [219] The energy
dierence ∆E of the orbitals equals energy and wavelength of the absorbed photon
∆E = h ⋅ c
λ
(3.13)
where h is the Planck constant, c the speed of light, and λ the wavelength of light. The
ratio between the intensity of light before (I0) and after (I ) absorption is called trans-
mission T . An empiric and logarithmic correlation between T and c is given by the
Beer-Lambert law




= ε ⋅ c ⋅d (3.14)
where A is the absorbance, which is linear proportional with the product of excitation
coecient ε , length of the optical path through the sample d , and concentration of the
liquid sample c .
UV/Vis-spectra of liquid samples were recorded with a Shimadzu UV-1650 PC using
2-10 mm quartz cuvettes of Hellma Analytical for o-line and special ow-through cu-
vettes for on-line detection. High throughput measurements were recorded using a
Tecan Innite 200Pro with UV-transparent microtiter plates. The inuence of cuvette
and solvent was subtracted by a background spectrum, and a calibration was recorded
for quantitative purposes.
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3.2.4 Chromatography
For the characterization of complex peptide mixtures that adsorb light of the same wave-
length, a separation by chromatography methods is needed.
RP-HPLC [163]
For quantication of ACE-inhibiting peptides in protein hydrolysate matrices, reverse-
phase high-performance-liquid-chromatography (RP-HPLC) was applied. Therefore, a
mobile phase was pumped through a column densely packed with a C18-functionalized
silica stationary phase. Components of the protein hydrolysates now face dierent re-
tention in dependence of their attractive interactions with the stationary phase and elute
separately from the column. Beside UV/Vis, the analytes in this thesis were quantied
by uorescence detection.
Freeze-dried samples were dissolved, thoroughly mixed in distilled water and centrifuged
for 10 min at 10,000 G. For separation, an Eurosphere C18 column (Knauer Smartline) was
coupled with simultaneous uorescence- (Shimadzu RF-10AXL) and UV/Vis- (Knauer
Smartline UV Detector 2600) detection. Fluorescence was excited at 280 nm and detected
at 355 nm. Absorbance was detected at 220 and 280 nm for amide bonds and aromatic
systems, respectively. The mobile phase consisted of 0.15 w% H3PO4 in water (solvent
A) and in methanol (solvent B) at a ow rate of 0.7 ml min−1. The injection volume was
30 µl and the external calibration was performed with synthetic peptide standards. The
column was held at 30 °C during the whole experiment.
For HEWL-hydrolysates, the following gradient was applied: 2 min at 10% B, 10-22% B
in 4 min, 22-25% B in 19 min, 25-60% B in 26 min, 60-100% B in 1 min, 5 min at 100%
B, 100-10% B in 1 min, and equilibration at 10% B for 7 min before injection of the next
sample.
The whey protein hydrolysates were separated as follows: 4 min at 20% B, 20-25% B in
14 min, 25-37% B in 30 min, 37-100% B in 2 min, 5 min at 100% B, 100-20% B in 1 min,
and equilibration at 10% B for 7 min before next sample injection.
LC-ESI-TOF-MS [8]
For identication of hydrolysate components, RP-HPLC coupled with mass spectrom-
etry (MS) was used. Therefore, peptides were separated on a C18-column and injected
in an electron spray ionization (ESI) chamber that is connected to a time of ight (TOF)
detector. The time of ight TOF is proportional to the root of the mass-charge ratio m/z
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ESI-TOF is a relatively soft ionization technique leading to the primary detection of
quasi-molecule ions [M+H]+.
A HPLC-system with UV/Vis- and subsequent ESI-TOF-detection (Agilent Technologies
1100 series) was used. The peptides were separated on an Eurosphere C18 column (Knauer)
using 1 mM HFBA in water (solvent A) and in methanol (solvent B) at a ow rate of
0.7 ml min−1. The injection volume was 60 µl and the column was held at 30 °C during
the experiment. The following gradient was applied: 2 min at 15% B, 15-25% B in 4 min,
25-60% B in 60 min, 60-100% B in 15 min, 5 min at 100% B, 100-15% B in 2 min, and
equilibration at 20% B for 7 min before injection.
SEC [220]
Analytes are separated on a size exclusion chromatography column by size and not by
polarity. The column material consists of a porous gel that allows smaller analytes to
diuse deeper into the particle than larger ones. Hence, smaller analytes are held back
on the column and elute later. The resulting chromatogram shows a size distribution,
which can be normalized to molar mass by calibration substances.
Separation of the peptides was carried out at room temperature on a Superdex peptide
column HR 10/30 (Pharmacia Biotech) with phosphate-buered saline (10 mM phosphate,
300 mM saline, pH = 7.4) as the eluent for 80 min. The ow rate was set to 0.5 ml min−1
and the injection volume was 50 µl. UV-detection was performed at 220 and 280 nm. The
following standards were used for molecular mass calibration: dextran blue (2,000 kDa),
lysozyme (14.6 kDa), insulin (5,733 Da), bradykinin (1,060 Da), hippuryl-histidyl-leucin
(429 Da), Ile-Trp (317 Da), Val-Tyr (280 Da), Ala-Phe (222 Da), and Trp (204 Da). The
chromatograms were normalized by the total peak area. The molecular weight distribu-
tion of the hydrolysates was divided in oligopeptides, and di- and tripeptides (429 Da).
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3.2.5 X-ray Photoelectron Spectroscopy and Diraction
X-ray photoelectron spectroscopy (XPS) is based on the photoelectric eect. An electron
is removed from an inner orbital due to excitation by X-rays. The kinetic energy of this
photoelectron gives information about its binding energy and origin. Hence, XPS allows
to determine the chemical state and composition of surface atoms.
XPS of pristine and polysulde-loaded carbon samples was performed with a PHI 5600
CI spectrometer (Physical Electronics) equipped with a 350 W Al X-ray source and a
monochromator to produce Kα1 radiation and a hemispherical analyser for electron en-
ergy analysis. All samples were dispersed and dropped onto a sample holder which was
transferred by a transfer chamber under Ar atmosphere from the water- and oxygen-
monitored glove box to the XPS equipment without contamination by air components.
The samples themselves were also transferred in an air-tight glass bottle individually
packed into sealed tubes with supernatant 2 mM polysulde solution. After establishing
the pre-vacuum the transfer chamber was opened and pumped until around 10−6 mbar
before transferring the sample holder into the measurement chamber, which has a base
pressure of 3⋅10−10 mbar. The concentrations were evaluated using standard single el-
ement sensitivity factors. Detail spectra of sulfur (and the other elements for concen-
tration quantication) were recorded with a pass energy of 29 eV. Before tting with
Gauss-Lorentz-type functions the spectra were background-corrected by a Shirley-
type function with the help of the PHI Multipack software package (Physical Electronics).
Referencing to a certain binding energy was not necessary in this case since all C 1s sig-
nals are located at the same binding energies which shows the well-conducting nature
of all investigated carbons.
Wide angle X-ray diraction experiments were conducted in Bragg-Brentano geome-
try using an X’Pert Pro (PANalytical) with Cu Kα1 radiation.
3.2.6 Scanning Electron Microscopy
Information about morphology and particle size of porous carbon particles can be drawn
from microscopic methods. In general, the maximum resolution is limited by the wave-
length of used radiation. Using special setups (confocal uorescence microscopes), this
limitation can be overcome for some biological samples. [221] Due to their short wave-
length, electrons are used for the observation of objects in the submicron range. Hence,
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practical resolutions down to 0.1 nm are possible. The setup of a scanning electron mi-
croscope (SEM) is similar to a light microscope, except that an electron beam is focused
by magnetic lenses. The theoretical resolution of such a SEM is correlated to the accel-




2m0eUA(1 + eUA2m0c2 ) (3.16)
where h is the Planck constant, p the impulse and m0 the mass of one electron, e the
elementary charge, and c the speed of light in vacuum. Electrons interact with the sam-
ple and cause dierent eects. Backscattered and secondary electrons are detected and
translated in an image. Furthermore, element specic X-rays are emitted when excited
atoms fall back on their ground states. This so-called energy-dispersive X-ray spec-
troscopy (EDX) gives information about the chemical composition of the sample but
loses accuracy for light elements.
The sample composition was determined by semi-quantitative energy dispersive X-ray
analysis using a SU8020 (Hitachi) SEM equipped with a Silicon Drift Detector X-MaxN
(Oxford). SEM was performed using a SU8020 (Hitachi) with a triple detector system
for secondary and low-energy backscattered electrons. The acceleration voltageUA was
20 kV.
3.2.7 Thermogravimetric Analysis
The ash content and the stability of carbon samples can be determined with high ac-
curacy by thermogravimetric analysis (TG). Therefore, a certain sample amount in a
corundum crucible was heated under synthetic air atmosphere. Simultaneously, the
mass change of the sample was detected. Decomposition products can be identied
by mass spectrometry. This technique was coupled with dierential thermal analysis
(DTA) that detects heat amounts released by the sample.
TG-DTA was measured with a STA 409 PC/PG Netzsch. An empty corundum crucible
was used as a reference and the heating ramp was 1 K min−1.
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3.2.8 Nuclear Magnetic Resonance Spectroscopy
Nuclear magnetic resonance (NMR) spectra of PS solutions were measured on a Bruker
AVANCE III HDNanobay, 400 MHz Ultrashield (7Li = 155.50 MHz) or on a Bruker AVANCE
III HDX, 500 MHz Ascend (7Li = 194.36 MHz). Li concentration was kept constant for
dierent solutions.
3.2.9 Boehm Titration
According to Boehm et al. [222], the surface chemistry of porous carbon materials can be
determined by titration with acids or bases. The actual concentration of the solution
was determined with commercial standards and basic solutions were degassed by inert
gas stripping to assure high accuracy of the experiments. The amount of acidic groups
was determined by neutralization with 0.1 M NaOH (solution A). The number of basic
surface groups was determined by neutralization with 0.1 M HCl (solution B). For a
typical titration, 20 mg of carbon material were added to 10 ml of solution A and B,
respectively. The samples were sealed to hinder CO2 dissolving and changing the pH of
the solution. After 48 h of stirring, the supernatant solution was back-titrated with HCl
(for solution A) or NaOH (for solution B) with an automatic titration apparatus. [223,224]
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3.3 Synthetic Aspects
3.3.1 Used Chemicals for Synthesis
Table 3.5: List of used chemicals for synthesis.












whey protein (45.1 w%)
9051-29-0 Arla Food
GmbH
Argon 5.0 Ar 7440-37-1 99.999% Air Liquide
4,4’-Bipyridine C10H8N2 553-26-4 98% Sigma
Aldrich
Carbon dioxide 4.5 CO2 124-38-9 99.995% Air Liquide
Carbon nanotube,
multi-walled
C 308068-56-6 ≥98% Sigma
Aldrich
Chlorine 2.8 Cl2 7782-50-5 99.8% Air Liquide
Copper(II) chloride
dihydrate
CuCl2⋅2H2O 10125-13-0 ≥99% Sigma
Aldrich
1,2-Dimethoxyethane C4H10O2 110-71-4 99.5% Sigma
Aldrich
1,3-Dioxolane C3H6O2 646-06-0 99.8% Sigma
Aldrich
Ethanol C2H5OH 64-17-5 ≥96% VWR




HCl 7647-01-0 p. a. VWR
Hydrouoric acid
(38 w%)
HF 7664-39-3 p. a. Merck
Hydrogen 3.0 H2 1333-74-0 99.9% Air Liquide
Lithium Li 7439-93-2 99.9% Alfa Aesar
Nitric acid (65 w%) HNO3 7697-37-2 p. a. Grüssing
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Pluronic P123 EO20PO70EO20 9003-11-6 98% Sigma
Aldrich
Pluronic F127 EO98PO67EO98 9003-11-6 98% Sigma
Aldrich




Sodium hydroxide NaOH 1310-73-2 p. a. VWR
Sucrose C12H22O11 57-50-1 98% Sigma
Aldrich
Sulfur S8 7704-34-9 ≥99.5% Sigma
Aldrich
Sulfuric acid (96 w%) H2SO4 7664-93-9 p. a. VWR
Tetraethyl orthosilicate
(TEOS)
















Microporous carbide-derived carbon samples were prepared by chlorination of crys-
talline TiC particles with a particle diameter < 4 µm. [106] Therefore, 1.0 g of the TiC
powder was transferred into a quartz vessel and placed inside a tubular quartz furnace.
After 30 min of ushing the furnace tube with 150 ml min−1 Ar at room temperature, the
material was heated to 600 or 1000 °C with a rate of 450 K h−1 to produce TiC-CDC-600
or TiC-CDC-1000, respectively. The gas composition was changed to 80 ml Ar min−1
and 70 ml Cl2 min−1. After 3 h of chlorination, the furnace was switched o and cooled
down to 600 °C under an Ar ow of 150 ml min−1. The gas ow was changed to 80 ml
of H2 min−1 for 1 h to remove adsorbed chlorine from the CDC pores.
3.3.2.2 Templated Carbons
SBA-15 [88]
SBA-15 was used as a hard-template for the synthesis of CMK-3 and OM-CDC. For a
typical synthesis, 8.1 g Pluronic P123 was dissolved in 146.8 g de-ionized water and 4.4
g of conc. HCl (37 %). The mixture was stirred over night at 35 °C in a closed ask.
Subsequently, 16 g of TEOS was quickly added to this solution and stirred for 20 h at 35
°C. The resulting suspension was transferred to a stainless steel autoclave and annealed
at 130 °C for 24 h. The solid product was ltered, washed with an HCl/water–mixture,
and treated at 550 °C under air.
CMK-3 [82]
CMK-3 displays a mainly mesoporous carbon sample and was synthesized using SBA-
15 as a hard-template. For its synthesis, 2.0 g of ordered mesoporous SBA-15 template
were mixed with a 10 ml aqueous solution of 2.5 g sucrose and 0.28 g 96% sulfuric acid
in order to inltrate the silica pores with a carbon precursor. The carbohydrate was
polymerized at 100 °C for 6 h and at 160 °C for another 6 h. The inltration procedure
was repeated with a 10 ml aqueous solution of 1.6 g sucrose and 0.18 g 96 w% sulfuric
acid and the same heating program. Afterwards, the sample was carbonized under 150
ml l−1 argon atmosphere in a horizontal tubular quartz furnace at 900 °C with a heating
ramp of 150 K h−1 for 2 h. After cooling down to room temperature, SiO2 was removed
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by dispersing the composite in a hydrouoric acid-water-ethanol mixture (33 V% each)
for 24 h followed by washing with large amounts of ethanol.
OM-SiC [112]
For the synthesis of OM-SiC, 2.0 g of SBA-15 template were inltrated with a mix-
ture of 2.1 ml of polycarbosilane precursor SMP-10 and 0.5 ml of the cross linking p-
divinylbenzene by the incipient wetness method. Carbonization was carried out in a
tubular quartz furnace under 150 ml l−1 argon atmosphere at 800 °C with a heating ramp
of 60 K h−1 for 2 h. Subsequently, SiO2 was removed by dispersing the composite in a
hydrouoric acid-water-ethanol mixture (33 V% each) for 24 h followed by washing with
large amounts of ethanol.
OM-CDC [108,112]
Ordered mesoporous carbide-derived carbon (OM-CDC) was synthesized from ordered
mesoporous silicon carbide (OM-SiC) by chlorination at 900 °C similar to the synthesis of
TiC-CDC. For a typical synthesis, OM-SiC powder was transferred into a quartz vessel
and placed inside a tubular quartz furnace. After 30 min of ushing the furnace tube
with 150 ml min−1 Ar at room temperature, the material was heated to 900 °C with a
rate of 450 K h−1. The gas composition was changed to 80 ml Ar min−1 and 70 ml Cl2
min−1 for the actual chlorination. After 3 h, the furnace was switched o and cooled
down to 600 °C under an Ar ow of 150 ml min−1. The gas ow was changed to 80 ml
of H2 min−1 for 1 h to remove adsorbed chlorine from the OM-CDC pores.
3.3.2.3 Nitrogen-Functionalized Carbons
Hydrophilic Carbon DUT-108 [225,226]
Ultra-hydrophilic carbon particles were synthesized under slightly dierent conditions
to receive micro- or mesoporous samples with adjustable particle sizes. For a typical
synthesis of microporous carbon with large particle size (HGPbiд, CNO2), 1.0 g of triblock
copolymer F127 was dissolved in 100 ml 0.1 M 4,4’-bipyridine water-ethanol (volume
ratio of 1:17) solution. The precipitation of the carbon precursor was initiated by rapidly
mixing this solution with 900 ml of 5.6 mM CuCl2⋅2H2O aqueous solution. Subsequently,
the resulting products were separated by centrifugation with 4200 rpm for 10 min and
washed for 3 times. The obtained sky blue polymer was pyrolyzed at 600 °C for 2 h with
the heating ramp of 60 K h−1 under 150 ml min−1 argon atmosphere. Porous carbon
cuboids were obtained after the removal of the copper species using 4 M HNO3 solution.
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For a typical synthesis of a microporous material with smaller particle size (HGPsmall ,
CNO1), the overall process was the same with dierent concentrations of 4,4’-bipyridine
and CuCl2 in solution. Typically, 1.0 g of triblock copolymer F127 was dissolved in 200 ml
0.1 M 4,4’-bipyridine water-ethanol (volume ratio of 1:17) solution and rapidly mixed
with 200 ml of 0.056 M CuCl2⋅2H2O in water. The precipitate formed immediately. Sub-
sequently, the resulting products were collected by centrifugation with 4200 rpm for 30
min and washed for 3 times. The obtained bulk polymer was dried and pyrolyzed at 500
°C for 2 h with the heating ramp of 60 K h−1 under 150 ml min−1 argon atmosphere. A
monolithic sample was obtained after removal of the copper species using 4 M HNO3.
To obtain a mesoporous sample (HGPmeso , CNO3), the above described synthesis for
HGPsmall was combined with a salt-templating method. [227] The ratio of the polymer
precursors and salts, and the pyrolysis and washing were all kept identical. In a typical
synthesis, 1 g of the precipitated and collected copper salt was carefully ground with 3 g
of a LiCl⋅ZnCl2 mixture. Subsequently, the mixture was transferred to a tubular quartz
furnace and pyrolyzed at 500 °C for 2 h with a heating ramp of 60 K h−1 under 150 ml
min−1 argon atmosphere. Afterwards, the black powder was washed with water and 4
M HNO3.
The bipolar sample (HGPbipo , CNO4) was synthesized using CNTs as the non-polar back-
bone of the polar carbon particles. The CNTs were treated in nitric acid (65 w%) for 48 h
under reux to remove the metal catalysts. The oxidized CNTs (40 mg) were dispersed in
water-ethanol (volume ratio of 3:10) under ultrasonication for 2 h. Afterwards, 1.562 g
(10 mmol) 4,4’-bipyridine were added and the solution was diluted to 1000 ml by adding
water and stirring overnight. Next, 50 ml of an aqueous 10 mM CuCl2⋅2H2O solution
were added under strong stirring. The precipitate formed immediately. Subsequently,
the resulting products were collected by centrifugation with 4200 rpm for 30 min and
washed for 3 times. The mixture was transferred to a tubular quartz furnace and py-
rolyzed at 900 °C for 2 h with a heating ramp of 60 K h−1 under 150 ml min−1 argon
atmosphere. Afterwards, the black powder was washed with water and 4 M HNO3.
3.3.2.4 Post-Synthetic Treated Carbons
Post-Synthetic Oxygen-Functionalized DLCO [120]
For the synthesis of DLCO, a total of 200 mg of Norit DLC Super 50 was placed in a
porcelain vessel and transferred into a mue furnace. The material was heated up to a
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maximum temperature of 420 °C for 1 h under air.
Post-Synthetic Hydrogen Treated DLCH [120]
To obtain a DLC samples with reduced oxygen content, a total of 200 mg of Norit DLC
Super 50 was placed in a tubular furnace and heated to 600 °C under argon. The gas ow
was changed to 80 ml min−1 of hydrogen for 1 h. Afterwards, the furnace was switched
o and the gas ow was changed to argon gain until the sample had cooled to room
temperature.
Post-Synthetic Nitrogen Functionalization of Norit DLC Super 50 [123]
The activated carbon DLC Super 50 was functionalized with nitrogen-containing surface
functional groups to modify its hydrophilic character. Therefore, 207 mg of melamine
were ultra-sonicated in 8 ml of absolute ethanol for 1 h. The resulting suspension was
thoroughly stirred with 200 mg of DLC Super 50 at 80 °C until to volatilize the solvent and
inltrate the melamine inside the porous carbon. The black powder was then transferred
to a tubular quartz furnace and heated to 600 °C under 150 ml Ar l−1 with a heating ramp
of 180 K min−1.
Post-Activation of Ketjen Black EC-600JD
Ketjen Black with large mesopore content was post-activated with carbon dioxide to
enhance the pore volume and specic surface area by introducing more micropores. For
a typical activation process, 1.0 g of the pristine Ketjen Black was placed in a horizontal
tubular quartz furnace and activated with 150 ml h−1 CO2 at 1000 °C for 6 h.
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3.3.3 Preparation of Protein Hydrolysates
3.3.3.1 Hydrolysates from α-Lactalbumin Enriched Whey Protein Concentrate
Alpha-lactalbumin was hydrolysed in a two-stage reaction either with chymotrypsin
followed by thermolysin (ACT hydrolysate), or in an one-stage hydrolysis with alcalase
and trypsin simultaneously (AAT hydrolysate).
ACT
For a typical synthesis of ACT, a 5 w% solution of the whey protein in distilled water
was hydrolysed with chymotrypsin for 24 h at 50 °C. The enzyme-substrate ratio was
kept at 1% and the pH was adjusted to 7.8 with NaOH. The second hydrolysis step was
initiated by addition of thermolysin with an enzyme-substrate ratio of 1%. The pH was
adjusted to 8.0 with 1 M NaOH. The hydrolysis was stopped after 24 h at 70 °C by heat
inactivation at 95 °C for 5 min. The hydrolysate was freeze-dried and stored at room
temperature for further characterization.
AAT
For a typical hydrolysis of AAT, a 5 w% solution of the whey protein in distilled water
was hydrolysed with alcalase and trypsin in one reaction vessel. The enzyme-substrate
ratio was kept at 4% for alcalase and 0.15% for trypsin. The pH of the solution was
adjusted to 7.0 with 1 M NaOH. Subsequently, the reaction was initiated by heating the
sample to 55 °C for 24 h. The hydrolysis was stopped by heat inactivation of the enzymes
at 95 °C for 5 min. The hydrolysate was freeze-dried and stored at room temperature for
further characterization.
3.3.3.2 Hydrolysates from Hen Egg White Lysozyme
Hen egg white lysozyme (HEWL) was hydrolysed in an one-stage hydrolysis with al-
calase and trypsin (LAT hydrolysate) or in a two stage hydrolysis reaction with chy-
motrypsin followed by thermolysin (LCT hydrolysate).
LCT
For a typical synthesis of LCT, a 5 w% solution of the HEWL in distilled water was
hydrolysed with chymotrypsin for 24 h at 50 °C. The enzyme-substrate ratio was kept at
1% and the pH was adjusted to 7.8 with NaOH. The second hydrolysis step was initiated
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by addition of thermolysin with an enzyme-substrate ratio of 1%. The pH was adjusted
to 8.0 with 1 M NaOH. The hydrolysis was stopped after 24 h at 70 °C by heat inactivation
at 95 °C for 5 min. The hydrolysate was freeze-dried and stored at room temperature for
further characterization.
LAT
For a typical hydrolysis of LAT, a 5 w% solution of HEWL in distilled water was hydrol-
ysed with alcalase and trypsin in one reaction vessel. The enzyme-substrate ratio was
kept at 4% for alcalase and 0.15% for trypsin. The pH of the solution was adjusted to
7.0 with 1 M NaOH. Subsequently, the reaction was initiated by heating the sample to
55 °C for 24 h. The hydrolysis was stopped by heat inactivation of the enzymes at 95 °C
for 5 min. The hydrolysate was freeze-dried and stored at room temperature for further
characterization.
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3.3.4 Polysulfide Solutions
Ex situ Synthesis of Li2S6 Solutions [203]
Polysulde solutions with the nominal stoichiometry of Li2S6 were synthesized by direct
reaction of Li metal with S8. Therefore, 1.39 g Li metal and 19.2 g S8 were stirred in 50
ml DME/DOL in a closed ask at 80 °C under argon until the reaction was complete and
no solid residues were present to obtain a 2 M solution. The solution was diluted with
DME/DOL to concentrations between 1 and 10 mM for further characterizations.
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4.1 Peptide Enrichment
4.1.1 Peptide Adsorption∗
In the following section, the adsorption of hydrophobic and ACE-inhibiting dipeptides
on dierent adsorbents is described. Single solute adsorption of the strong ACE-inhibitor
Ile-Trp was investigated in detail by batch experiments and compared to other di- and
oligopeptides. The inuence of adsorbate polarity and adsorbent pore size was investi-
gated. Finally, hydrophobic dipeptides were successfully extracted from three dierent
complex peptide mixtures containing multiple competing peptides adsorbates.
4.1.1.1 Adsorbent Characterization
Prior to actual liquid phase adsorption studies, the porous carbons were characterized
by nitrogen physisorption to explain the important structure-property relationships and
predict the materials suitability for the extraction of ACE-inhibiting dipeptides. The pore
size distribution and the polarity of the porous carbon material strongly inuence its ad-
sorption properties.
Norit DLC Super 50 (DLC) is a steam-activated carbon produced from natural-based raw
materials. [206] The distributor Cabot species a maximum particle size of 50 µm, which
ensures fast adsorption processes. Nitrogen physisorption at -196 °C reveals a type I
isotherm, which is characteristic for microporous materials (Fig. 4.1). The specic sur-
face area is 1837 m2 g−1 and the specic pore volume is 1.0 cm3 g−1. The at slope of
the isotherm already indicates a broad pore size distribution, which was conrmed by
QSDFT calculations. DLC shows micropores with a pore size of 0.8 nm and small meso-
∗Parts of the following chapter are literally adopted from my publication. [164]
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pores with a pore size ranging from 2.5 to 3.0 nm. About 56% of the specic surface area
and 48% of the pore volume can be assigned to micropores smaller than 2 nm (Tab. 4.1).
Titanium carbide-derived carbon (TiC-CDC-1000), synthesized at 1000 °C, exhibits
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Figure 4.1: Low pressure N2-physisorption isotherms (-196 °C, left) and corresponding pore size
distributions (right) of OM-CDC (•), CMK-3 (◾), DLC (◾), and TiC-CDC-1000 (◾).
well-dened and narrowly distributed micropores. The nitrogen physisorption isotherm
shows a steep slope and is classied as type I according to IUPAC (Fig. 4.1). Specic sur-
face area and total pore volume are comparable to Norit DLC Super 50. QSDFT-based
pore size distribution exhibits small micropores of 0.8 nm in diameter and only a small
fraction of mesopores.
CMK-3 is a carbon material with a well-dened mesopore structure derived by nanocast-
ing. Nitrogen physisorption shows a type IV isotherm with a H2 hysteresis loop in
the range of p/p0 = 0.4-0.7, which is typical for mesoporous materials with ordered
pore structure. The material consists of hexagonal ordered nanorods and the voids be-
tween those nanorods are forming dened mesopores of 4.5 nm in diameter according
to QSDFT analysis. Only a small fraction of micropores (19%) is present due to intrinsic
microporosity of pyrolyzed sucrose.
OM-CDC is a hierarchical carbide-derived carbon combining micro- and mesoporosity.
Nitrogen physisorption reveals a similar isotherm to CMK-3 with a higher uptake in the
low-pressure region. Hence, it shows high micro- and mesopore volumes of 0.53 and
1.41 cm3 g−1, respectively. Arising from the same hard-template, OM-CDC exhibits a
similar mesopore size to CMK-3 of 4.4 nm. Due to chlorination of the amorphous silicon
carbide precursor at 900 °C, micropores of 0.8 nm are created that are similar in size to
TiC-CDC-1000.
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Table 4.1: Specic BET surface area (SSA), total pore volume (TPV), and ultramicropore volume
(UMPV), supermicropore volume (SMPV), and mesopores volume (MPV).
Sample SSABET TPV UMPV SMPV MPV
/m2 g−1 /cm3 g−1 /cm3 g−1 /cm3 g−1 /cm3 g−1
DLC 1837 1.00 0.05 0.37 0.38
TiC-CDC-1000 1698 0.77 0.00 0.53 0.24
CMK-3 1180 1.26 0.07 0.06 1.14
OM-CDC 2800 1.99 0.05 0.53 1.41
To investigate the inuence of adsorbent polarity on peptide adsorption, Norit DLC Su-
per 50 was post-synthetically modied. The shape of the N2-isotherm at -196 °C does
not change for any modication route. Oxygen functionalization (DLCO) and hydrogen
treatment (DLCH) lead to a slight increase in SSA and TPV as a result of partial oxida-
tion and reduction of surface atoms (Tab. 4.2). Nitrogen modication slightly decreases
both SSA and TPV due to addition of nitrogen atoms at the surface of the pore accord-
ing to the synthesis conditions. According to XPS, DLCO exhibits an increased oxygen
content (4.42%) compared to DLC (3.81%) within the information depth of the method.
Consequently, hydrogen treatment leads to a nearly oxygen free carbon material (0.81%).
Nitrogen modication introduced 6.9% N into the carbon network. The N1s spectra of
DLCN can be tted to 43.34% of pyridinic N (398.4 eV), 47.14% of pyrrolic N (400.0 eV),
and 9.52% of quaternary N (402.4 eV) (Fig. A.1).
Table 4.2: Specic BET surface area (SSA), total pore volume (TPV), and elemental distribution of
modied DLC as determined by XPS.
Sample SSABET TPV C O N
/m2 g−1 /cm3 g−1 /atom% /atom% /atom%
DLC 1837 1.00 96.19 3.81 0.00
DLCO 1933 1.04 95.58 4.42 0.00
DLCH 1950 1.05 99.19 0.81 0.00
DLCN 1613 0.88 90.40 2.70 6.90
Surface modication of DLC has an impact on the hydrophobic character of the pore
wall. Common contact angle measurements will not account for the actual pore surface
as only the particle surface is in contact with the solvent droplet. Hence, gas adsorption
of water as a highly polar probe molecule was performed to evaluate changes in hy-
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drophilicity directly at the pore wall. The shape of the isotherm is dierent from typical
nitrogen physisorption isotherms as adsorption occurs following a dierent mechanism.
The adsorption of water below p/p0 = 0.5 coincides with the formation of water clusters
at the pore wall. [228,229] DLCO and DLCN show a signicantly higher water uptake at
p/p0 = 0.4 of 33.6 and 42.0 cm3 g−1, respectively, than DLC with 13.7 cm3 g−1 (Fig. 4.2).
For DLCH, this value is clearly decreased (5.6 cm3 g−1) indicating an increased hydropho-
bicity under the assumption of constant pore size. The hysteresis loop shows the same
trend, where both adsorption and desorption branch are shifted to lower p/p0 in the same
order as observed in the low pressure region. These results prove that oxygen and nitro-
gen functionalization lead to a more hydrophilic surface compared to the initial carbon.
Hydrogen treatment however produces a more hydrophobic pore surface induced by the
removal of surface oxygen.
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Figure 4.2:Water physisorption isotherms at 25 °C of functionalized activated carbon DLC (◾), DLCN
(◾), DLCH (◾), and DLCO (•). The inset shows a higher magnication of the adsorption branch of the
isotherms.
Dierent functionalization approaches lead to changes in the elemental distribution of
DLC. Heteroatoms are bonded to the carbon matrix as functional groups that are able
to protonate and hence to inuence adsorbent-adsorptive interactions depending on
the pH value of the solution. Boehm titration of functionalized samples DLCO, DLCH,
and DLCN was conducted to determine the changes in surface acidity and basicity. For
DLCO, a total of 1.24 mmol g−1 of acidic functional groups was titrated including car-
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boxylic, phenolic, and lactonic surface groups (Tab. 4.3). Only minor amounts of ba-
sic groups (0.21 mmol g−1) such as ketone or pyrone groups were found. This is in
good accordance with the literature, heat treatment under air introduces acidic, oxygen-
containing functional groups. [230] Hydrogen treatment does not only reduce the total
oxygen content of DLCH but also increases the total amount of basic surface groups
(1.45 mmol g−1), which does not necessarily have to match with the oxygen content of
the sample as the basic character of activated carbons is caused primarily by delocalized
pi electrons of the graphitic carbon network. [114,231] As expected from the increased ni-
trogen content, DLCN exhibits also an increased amount of basic groups (0.78 mmol g−1)
and only minor acidic surface functionalization (0.39 mmol g−1).
Table 4.3:Carbon surface functionalities of DLCO, DLCH, and DLCN determined by Boehm titration
of acidic and basic functional groups.
Sample Acidic Groups Basic Groups
/mmol g−1 /µmol m−2 /mmol g−1 /µmol m−2
DLCO 1.24 0.64 0.21 0.11
DLCH 0.26 0.13 1.45 0.74
DLCN 0.39 0.24 0.78 0.48
4.1.1.2 Adsorption of Bioactive Peptides
A precondition for adsorption is that the adsorptive is smaller than the pore entrance.
According to its crystal structure, Ile-Trp exhibits a size of 3.6x8.9 Å (Fig. A.2). [232] The
above described carbon adsorbents oer micro- and mesopores larger than 6 Å that
are big enough for Ile-Trp and other dipeptides to enter and adsorb at the pore wall.
This assumption is proven by adding increasing amounts of activated carbon DLC to
a constant amount of Ile-Trp (2.5 µmol) (Fig. 4.3). Ile-Trp and other peptides of same
size showed very fast adsorption kinetics and were in equilibrium already after 5 min
(Fig. A.3). According to Ivanov et al., the equilibration occurs faster with decreasing
particle and molecule size. [53] Small molecules like the investigated dipeptides gener-
ally exhibit high pore diusivity and the used carbon material presents a very small
average particle size. Therefore, the equilibrium is reached very fast, despite the fact
that no hierarchical pores were observed in the pore size distribution. After equilibra-
tion, the Ile-Trp concentration is detected via UV/Vis spectroscopy. The amount of un-
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bound Ile-Trp decreases continuously with increasing amounts of activated carbon. The
addition of ≥5 mg of DLC leads to complete removal of Ile-Trp from the liquid phase,
which was detected by the absence of the typical triplet peak of Trp in the UV spectrum
(274 nm, 282 nm, 290 nm) (Fig. 4.3). [219] This corresponds to an adsorption excess Γσ of
0.5 mmol g−1. After ltering o DLC, the carbon material was ushed with a less polar
solvent than water to elute the adsorbed peptides from the solid phase. Ethanol was used
due to economical and ecological requirements for possible application in food technol-
ogy. After elution, the triple peak of Trp is visible again with a slight red shift in the
ethanol solution indicating stronger interactions between the solvent and the adsorbate
Ile-Trp, and successful removal from the solid phase with less polar solvents.















Figure 4.3: UV spectra of ltrated Ile-Trp solutions. Reference sample of 0.1 mM Ile-Trp in water
(a), after addition of 1 mg (b), 2 mg (c), and 5mg DLC (d) to 25 ml solution and corresponding UV-
spectra of ltrated 25 ml ethanol that was used to wash 10 mg of activated carbon loaded with 2.5
µmol Ile-Trp (e).
4.1.1.3 Liquid Phase Adsorption Isotherms
Adsorption isotherms are the rst step to characterize interactions between adsorbent
and adsorbate. They give valuable information about the complex interplay between
pore size, solvent, and peptide adsorbate. In the following chapter, the inuence of pep-
tide polarity, solvent, and carbon adsorbent is investigated in solute adsorption isotherms
particularly with regard to separation of dierent peptides.
74
4 Results and Discussions
Inuence of Peptide Polarity
Gly-Gly, Ile-Trp and other Trp containing dipeptides show a relatively high uptake in
the beginning of the isotherm and the formation of a plateau at equilibrium concentra-
tions of up to 2 mM for DLC in water (Fig. 4.4). The Langmuir adsorption constant KL
indicates a moderate binding for Ile-Trp as well as for Gly-Gly (Tab. B.1). [233] Complete
removal of Ile-Trp was accomplished until the carbon loading exceeded 1.6 mmol g−1,
which is in good accordance with the above described single batch experiments. For
Ile-Trp, DLC reaches a maximum capacity Γσmax of 2.3 mmol (726 mg) per gram DLC. In
contrast, Γσmax for Gly-Gly reaches only 0.26 mmol (35 mg) per gram DLC at equivalent
equilibrium concentrations. Both dipeptides are small enough to t into the micropores
but the molar mass of Ile-Trp (317 g mol−1) is nearly three times bigger than for Gly-
Gly (132 g mol−1). An increasing molar mass implies increasing van der Waals forces
between adsorptive and adsorbent. In addition Gly-Gly is a very hydrophilic dipeptide,
because glycine exhibits no side chain in α-position. In contrast, Ile-Trp shows a pro-
nounced hydrophobic character due to the hydrophobic side chain of isoleucine and
the indole group of tryptophan. The indole group also induces pi − pi interactions with
graphitic areas of the activated carbon material, which favours the adsorption. In con-
sequence, the maximum adsorption capacity of Ile-Trp is nearly ten times higher than
the capacity of Gly-Gly enabling a polarity selective separation of bioactive peptides.
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Figure 4.4:Adsorption isotherms of Gly-Gly (◾), Ile-Trp (▾), Ala-Trp (•), and Trp (◾) at DLC (5 mg DLC
for Ile-Trp, Ala-Trp, Trp and 50 mg for Gly-Gly, T = 23 °C, V0 = 25 ml, equilibration time t = 24 h).
To investigate more peptides with polarities between Ile-Trp and Gly-Gly, only one ad-
75
4 Results and Discussions
Table 4.4: Adsorption properties of dierent peptides at DLC. KL and Γσmax are derived from a linear
Langmuir plot.
Sample KL Γσmax





sorption uptake was determined for an initial concentration (1 mM). At this point, nearly
maximum loading is estimated according to the adsorption isotherms of Ile-Trp, Ala-
Trp, and Gly-Gly. This method gives adequate results for comparing many dierent
dipeptides. ACE-inhibiting peptides were selected according to their hydrophobicity in
the following order Ile-Trp>Ala-Trp>Gly-Tyr>Gly-Phe>Gly-Gly. The capacity decreases
from 2 mmol g−1 for Ile-Trp to 1.4 mmol g−1 for Gly-Phe (Fig. 4.5). The amount of ad-
sorbed Gly-Gly diers signicantly from the other dipeptides, as only 0.24 mmol g−1
were adsorbed. Thus, small changes in peptide structures signicantly aect the bind-
ing properties of those peptides to activated carbon. For a small molecule, the logD-value
is a good approximation for its hydrophobicity. Due to the indole functional group, Ile-
Trp is highly hydrophobic, which can be seen from a high logD-value of -1.51 compared
to Gly-Gly showing a very low value of -4.97 (Tab. B.1). Except for Gly-Tyr, the ca-
pacity of all investigated peptides decreases with decreasing logD-values or rather with
decreasing hydrophobicity indicating weaker interactions between the peptide and the
carbon surface. In contrast, the IC50-value increases with decreasing capacities for all in-
vestigated dipeptides. Regarding to the ACE-inhibitory mechanism, a low IC50-value is
correlated to a hydrophobic character of the dipeptide. Angiotensin I, which is an exam-
ple for an oligopeptide with a higher molecular size, shows a comparable low adsorption
capacity like Gly-Gly (Tab. B.1). Angiotensin I is a larger decapeptide and contains sev-
eral hydrophobic amino acids which should actually promote the adsorption. However,
it is too large to adsorb inside the micropores and only mesopores or the particle surface
are accessible for adsorption. [234–237] Pore blocking occurs and inner particle pores are
excluded for further adsorption.
Inuence of the Solvent
The solvent has a crucial inuence on the adsorption at the solid-liquid interface as it
can co-adsorb and inuence surface functions of the carbon surface as well as the pep-
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Figure 4.5: Comparison between dierent peptide uptakes at DLC (c0 = 1 mM, mDLC = 5 mg,
V0 = 25 ml, T = 23 °C, equilibration time t = 24 h), logD and (▴, calculated using Advanced Chem-
istry Development (ACD/Labs) Software V11.02 (©1994-2013 ACD/Labs)) and IC50 values (•, in vitro
half maximal inhibition concentration [8,163,238,239]).
tide itself. Previous experiments were carried out in aqueous solutions of the respective
peptide. The pH value of those solution was slightly acidic (pH = 5.5) because the pep-
tide itself acts as a buer and adjusts its own isoelectric point. At this point, the overall
charge of the adsorbate is zero and interactions with the carbon pore wall are maximized
(Fig. 4.6). Decreasing the pH value to 3 does not change the maximum uptake but lowers
the anity at low concentrations below 0.1 mM. At pH of 11, Γσmax drops signicantly
from 2.1 to 1.4 mmol g−1. For DLC, acidic surface groups were identied. At high pH
values, those groups are deprotonated and the pore surface is negatively charged. Repul-
sive interactions with a negatively charged peptide balance with attractive interactions
and the uptake is diminished.
Previous results showed that peptides could be desorbed by ethanol, which would be
a mild and economically favourable way to separate the carbon and peptide from each
other. To investigate whether this elution is quantitative or not, liquid phase adsorption
was recorded in pure water and in a water/ethanol mixture. In pure water, the anity
of DLC for Ile-Trp is very high and no excess peptide in the liquid phase can be detected
until loadings of up to 1.6 mmol g−1. This behaviour was observed for all Trp-containing
peptides so far. Hence, elution with pure water would only remove quantities above this
loading being very inecient. For the water/ethanol mixture, the shape of the isotherm
is nearly linear and the uptake for Ile-Trp is limited to 0.36 mmol g−1 at ceq of 0.86 mM.
The slope of the isotherm is very at and no adsorption plateau is reached. This be-
haviour indicates a low anity of DLC to Ile-Trp and co-adsorption of solvent molecules
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Figure 4.6: Left: Adsorption isotherms of Ile-Trp at DLC in H2O at pH values of 3 (◾), 5.5 (•), and 11
(▴) (mDLC = 5 mg, V0 = 25 ml, T = 23 °C, equilibration time t = 24 h). Right: Adsorption isotherms of
Ile-Trp at DLC in H2O (▾) and EtOH/H2O (◾) (mDLC = 5 mg, T = 23 °C, V0 = 25 ml, equilibration time
t = 24 h).
inside the pores. Hence, a complete removal by water/ethanol should be possible under
equilibrium conditions.
Illuminating the Pore Filling Mechanism
Liquid phase adsorption isotherms of Ala-Trp, Ile-Trp, and Trp at DLC always show a
two step isotherm with a rst plateau below ceq of 0.25 mM and a second saturation at
higher concentrations supporting the theory of stepwise pore lling (Fig. 4.4). Such a
two step behaviour is not taken into account by the Freundlich or Langmuir models
that were used to t the isotherms. To understand the shape of the liquid phase isotherm,
it is important to get a decent understanding of the pore lling mechanism and the role
of pore size and polarity. Therefore, DLC loaded with 2.3 and 1.4 mmol g−1 Ile-Trp were
examined by nitrogen physisorption. These two loadings correlate to the two points
of the liquid phase adsorption isotherm of Ile-Trp where DLC is saturated and partially
lled with Ile-Trp, respectively. The specic surface area of DLC drops from 1837 to
704 m2 g−1 for the partially loaded and to 36 m2 g−1 for the saturated carbon material
(Tab. B.2). The pore size distribution of the partially Ile-Trp lled sample reveals that
the volume of the 0.8 nm micropores is decreased (Fig. 4.7). Micropores are nearly lled
with Ile-Trp and are not accessible for nitrogen anymore. The mesopore surface is only
covered by Ile-Trp at this point resulting in a decreased average pore size of 1.6 nm. This
indicates a preferential lling of the micropores at low concentrations.
Higher loadings lead to complete lling of the pores with Ile-Trp and a complete loss of
porosity. From that it is concluded that Γσmax obtained from the liquid phase adsorption
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Figure 4.7:N2-physisorption isotherms (-196 °C, left) and corresponding pore size distribution (right)
of DLC empty (◾), lled with 1.4 mmol g−1 (◾), 2.3 mmol g−1 Ile-Trp (◾), and 0.26 mmol g−1 Gly-Gly
(•).
isotherm is limited by the pore volume of the carbon. For Gly-Gly only a slight decrease
to 1710 m2 g−1 is observed at saturation of the liquid phase isotherm showing that the
hydrophilic character of the peptide limits its Γσmax and not the pore volume of DLC.
The pore size distribution of partially loaded carbons enables an evaluation which theo-
retical adsorption model should be applied for this system. The Langmuir-model clearly
better describes Gly-Gly adsorption as only a small fraction of the pore volume is lled
and the corresponding R2-value of the Langmuir t is better than for the Freundlich
model (Fig. A.4). The Ile-Trp isotherm reveals dierent interpretations. On the one hand,
the R2-value of the Langmuir t is better than the Freundlich t. On the other hand,
the Freundlich model displays the experimental isotherm better for concentrations be-
low 0.5 mM. The nitrogen physisorption experiments showed the formation of a layer
of Ile-Trp at low concentrations of Ile-Trp in solution and the successive lling of the
pores at higher concentrations. This implies the formation of a multilayer inside the
pores. The complete lling of the pores ends up in a maximum loading of DLC with
Ile-Trp, which creates a pseudo-Langmuir isotherm. Hence, pore lling is limited by the
total pore volume. The adsorption inside the pores should be better described by more
complex models than Freundlich and Langmuir allowing multilayer formation.
Ala-Trp (2.74 mmol g−1) and Trp (3.58 mmol g−1) exhibit higher molar uptakes than Ile-
Trp (2.3 mmol g−1), which is due to their lower size. By normalizing it to the mass uptake
for Ile-Trp, Ala-Trp, and Trp, the values become almost equal (Tab. 4.5). This indicates
that the peptide uptake for Ala-Trp and Trp is also limited by the pore volume of DLC.
Taking their respective bulk density into account (calculated using Adv. Chem. Dev. Soft-
ware V11.02 (©1994-2015 ACD/Labs)), the theoretical uptake for Ile-Trp, Ala-Trp, and Trp
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Table 4.5: Adsorption properties of dierent peptides at DLC. Γσmax,exp was derived from a linear
Langmuir plot. The theoretical maximum adsorption excess Γσmax,theo was calculated under the
assumption of total pore lling and bulk density of the respective peptide.
Sample Γσmax ,exp Γσmax ,theo
/mmol g−1 /mg g−1 /mmol g−1 /mg g−1
Ile-Trp 2.30 729 3.5 1241
Ala-Trp 2.74 715 4.4 1367
Trp 3.58 730 6.0 1400
Gly-Gly 0.26 34 9.1 1365
lies above 1200 mg g−1 showing that only 52-57% of the actual pore volume of DLC is
occupied by adsorptive despite the complete loss of porosity. Incorporation of solvent
molecules and an ineective ordering of the adsorbate molecules inside the small mi-
cropores may lead to a less dense lling of the carbon than theoretically possible. The
similar anity of Trp-containing dipeptides for the carbon indicates that the Trp moiety
is decisive for adsorbent-adsorptive interactions.
The Inuence of Adsorbent Pore Size and Polarity
As previously discussed, nitrogen physisorption indicates a preferential lling of the
micropores of DLC at lower concentrations. Anyhow, DLC is an activated carbon with
a broad pore size distribution and the resolution of liquid phase isotherms is rather low
compared to nitrogen physisorption. Adsorption experiments at model carbons with a
dened pore structure and discrete pore sizes were performed in order to give deeper
insights.
The isotherm of purely microporous TiC-CDC-1000 lacks a bend at low concentrations
but exhibits a very steep slope in the beginning resulting in a high KL of 132 l mmol−1
(Tab. B.3). The absence of the bend results from the limited pore size. The steep slope
indicates a very high anity of Ile-Trp towards the carbon and is an unique feature of
micropores. Consequently, the mainly mesoporous CMK-3 exhibits only a low uptake
and slope at ceq below 0.25 mM and a continuous lling of larger pores with increasing
concentrations. OM-CDC exhibits well-dened and discrete micro- and mesopores of
1 and 4.4 nm pore width, respectively. Hence, the step in the liquid phase isotherm is
clearly visible resulting from the stepwise lling of the hierarchical pore system.
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Figure 4.8: Adsorption isotherms of Ile-Trp at DLC (▴), CMK-3 (•), OM-CDC (◾), and TiC-CDC-1000
(◾) in H2O (mcarbon = 5 mg, V0 = 25 ml, T = 23 °C, equilibration time t = 24 h).
The surface chemistry of DLC was modied to further improve adsorbent-adsorbate
interactions. Hydrophobic interactions address all kind of aromatic and hydrophobic
amino acids. The idea was to tailor hydrogen bonds for even more selective interactions
between Trp-containing peptides and the carbon pore wall by introducing dierent func-
tional groups.
Liquid phase adsorption isotherms were recorded for DLC and functionalized versions
DLCO, DLCH, and DLCN using the amino acid Trp (Fig. A.5). Trp exhibits similar ad-
sorption properties and an isoelectric point close to Ile-Trp. Furthermore, Trp is the
decisive amino moiety for an eective ACE-inhibition. Hence, Trp is an adequate test
molecule for further adsorption studies. The maximum Trp uptake Γσmax shows only
slight changes between DLC, DLCO, and DLCH. Γσmax is decreased to 3.11 mmol g−1 for
DLCN, which can be explained by the 12% loss of surface area during functionalization
with nitrogen (Tab. 4.2, 4.6). Hence, pore lling is more likely to be limited by the pore
volume of the carbon than by interactions between adsorbent and adsorbate. The pore
lling is determined by pi−pi stacking between Trp molecules and only a small fraction of
adsorbate interacts directly with the pore wall. A higher selectivity would be observable
in the low concentration region of the isotherm, where the actual monolayer formation
takes place. There, a higher adsorption anity should result in a higher slope (i.e. a
higher KL value). Unfortunately, the interesting region of the isotherm has poor reso-
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lution. A competitive situation of various adsorbates during the following enrichment
experiments will give a better reection of tuned interactions and selectivity.
Table 4.6: Adsorption properties of Trp at surface functionalized DLC. KL and Γσmax are derived from
a linear Langmuir plot.
Sample KL Γσmax





4.1.1.4 Simplified Co-Adsorption of Ile-Trp in Presence of Gly-Gly
Previous results indicated signicant dierences between the adsorption behaviour of
non- and bioactive peptides resulting from their dierent physicochemical and structural
properties. However, the enrichment of Ile-Trp from protein hydrolysates represents a
multi component adsorption situation with competing interactions. The adsorption be-
haviour of Ile-Trp in presence of Gly-Gly was monitored by UV-spectroscopy to simulate
this competitive situation in a more simple environment.
The Ile-Trp removal was nearly complete (99%) after addition of DLC, even in the pres-
ence of Gly-Gly (Fig. 4.9). According to the adsorption isotherms, the activated carbon
was not fully saturated with Ile-Trp at this point (Γσ = 0.5 mmol g−1). Hence, free ad-
sorption sites are present at the carbons surface. At full saturation (Γσ = 2.5 mmol g−1),
about 60% of Ile-Trp was removed in the absence of Gly-Gly. This value decreases only
slightly to 56% in presence of Gly-Gly. Thus, Gly-Gly is not able to replace Ile-Trp from
its adsorption sites and to weaken the strong attraction between Ile-Trp and the carbon
surface. This indicates that a separation of Trp-containing dipeptides from a protein hy-
drolysate should be possible even though there are other hydrophobic dipeptides in the
hydrolysates, which can compete for the binding site.
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Figure 4.9: Ile-Trp removal in solution after single component adsorption (blue) and for competitive
adsorption in presence of Gly-Gly (red) (c0 = 1 mM, mDLC = 5 mg, V0 = 25 ml, T = 23 °C, equilibration
time t = 24 h).
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4.1.2 Adsorptive Peptide Enrichment from Diverse Protein
Hydrolysates†
Fundamental investigations about the adsorption behaviour of ACE-inhibiting dipep-
tides showed their high anity towards activated carbon in dependence of pore size and
polarity. In the following chapter, their selective removal from complex peptide mixtures
(protein hydrolysates) and subsequent desorption in order to investigate the resulting
enrichment is described (Fig. 4.10). The versatility of this enrichment was demonstrated
by applying it to three dierent protein hydrolysates derived from whey (ACT1-ACT3)
and milk proteins (LAT and LCT). The possibility to inuence the enrichment of ACE-
inhibitors by changing the carbon pore structure and polarity is described as well.
Figure 4.10: Enrichment of potent ACE-inhibitors by selective adsorption on three dierent model
carbons DLC, CMK-3, and TiC-CDC-1000 followed by identication and quantication of the in-
hibitor enriched eluate, the inhibitor leached residue and the initial food protein hydrolysate by liq-
uid chromatography and mass spectrometry (HPLC-MS) and size-exclusion chromatography (SEC).
Finally, the increased ACE-inhibition was proven by an in vitro enzyme assay.
4.1.2.1 antification of ACE-Inhibiting Peptides aer Adsorption on DLC
In order to quantify the degree of enrichment of tryptophan-containing dipeptides by
incubation with activated carbons, the amount of Ile-Trp and Ala-Trp in the untreated
protein hydrolysate, the treated residue and the eluate were determined by RP-HPLC
with uorescence detection in combination with synthetic standards for an external cal-
ibration. Furthermore, the components of the eluate fraction were identied by LC-ESI-
†Parts of the following chapter are literally adopted from my publication. [240]
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TOF to get a better understanding which type of peptides is preferably adsorbed on the
carbon surface beside Ile-Trp and Ala-Trp.
Three dierent batches of whey hydrolysate ACT were incubated with DLC to investi-
gate the inuence of the initial inhibitor concentration rst. They contained between
5.5 and 11.9 mg g−1 Ile-Trp due to dierent enzyme activity during hydrolysis. The un-
treated ACT hydrolysate with the most eective enrichment (ACT2) contained 6.3 mg
Ile-Trp per g freeze-dried hydrolysate (Fig. 4.11). The depicted uorescence detection of
the RP-HPLC with a wavelength of maximum absorption at 280 nm and an emission at
355 nm selectively responds to Trp-containing peptides. After incubation with DLC, the
amount of Ile-Trp decreased to 1.8 mg g−1 in the residue, i.e. more than 70% of Ile-Trp
was removed from the protein hydrolysate. Considering the adsorption isotherm, the
used amount of carbon is high enough to remove about 115 µmol Ile-Trp from the so-
lution. However, the huge number of hydrophobic peptides causes a real competitive
adsorption situation for Ile-Trp. Therefore, the adsorbed amount of Ile-Trp is quenched
to barely 4.4 µmol. Beside Ile-Trp, also other hydrophobic peptides and the amino acid
Trp, identied by external standards, were adsorbed on the carbon material. The uo-
rescence detection reveals that most of them must be Trp-containing fragments. Those
competing peptides are also of interest due to their hydrophobic character and the ability
to inhibit ACE as well. [8]
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Figure 4.11: Left: RP-HPLC chromatogram with uorescence detection (λabs = 280 nm, λem = 355
nm) of the untreated whey hydrolysate ACT (black), the residue after incubation with DLC (blue),
and the eluate (red). Right: Ile-Trp and Ala-Trp concentration in the dried hydrolysate, in the residue
after incubation with DLC, and in the eluate. Three dierent ACT, one LAT and one LCT batches
were incubated with DLC and examined by RP-HPLC.
† Contains Ile-Trp
* Contains Ala-Trp
After elution of the peptides from DLC by treatment with ethanol/water, the amount
of Ile-Trp in the dried eluate was signicantly increased (71.8 mg g−1) compared to un-
treated hydrolysate. Hence, Ile-Trp was enriched by a factor of 11.3. At this point, it is
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noteworthy that about 95 w% of the overall peptide matter can be recovered after the
experiment and more than 86 w% of the hydrolysate can be found in the residue demon-
strating the selectivity and eciency of the process (Tab. B.4). The lowest enrichment
was found for ACT3 with 7.2 fold increased Ile-Trp mass fraction. As the error of the
RP-HPLC quantication is relatively low (≈5%, Tab. B.5) and the hydrolysate was kept
constant, the dierent initial Ile-Trp concentration must be responsible for varying en-
richment. A high initial Ile-Trp amount in the hydrolysate leads to a lower enrichment.
A similar trend was observed for the other protein hydrolysates LAT and LCT.
Two dierent lysozyme hydrolysates (LAT and LCT) were incubated with DLC and
treated similar to ACT as they are obtained from another protein source and therefore
exhibit a dierent peptide composition, which leads to a changed competitive situation
during adsorption. As a result, 99% and 83% of Ala-Trp was removed from LAT and LCT,
respectively. The modied peptide composition leads to changed enrichment factors
compared to ACT. The Ala-Trp content in the eluate was increased by a factor of 7 and 2
for the LAT and the LCT hydrolysate, respectively (Tab. B.6). Analogue to ACT, the low
enrichment factor for LCT is due to its high initial Ala-Trp mass fraction. Nevertheless,
the achieved Ala-Trp mass fraction in the eluate of LCT is comparable to the other hy-
drolysates and the process leads to remarkably high amounts of natural ACE-inhibitors
for all hydrolysates.
4.1.2.2 Identification of ACE-Inhibiting Peptides aer Adsorption on DLC
Besides Ile-Trp, other tryptophan-containing peptides were enriched as shown in the
RP-HPLC chromatogram of the eluate of ACT3 with uorescence detection (Fig. 4.11).
Therefore, ESI-TOF-MS was used to identify the compounds of the eluate. The UV-
spectra recorded by a photo-diode array detector and the mass spectra of synthetic
standards Trp, Ile-Trp, and Trp-Leu coincide with the peaks in the eluate. Further pep-
tides were putatively identied in the ethanol/water fraction from their mass spectra
(Fig. 4.12, Tab. 4.7). Except from peak #1, all enriched peptides were identied as se-
quences containing Trp or other hydrophobic amino acids (Leu, Ile, and Val). This em-
phasizes the benecial role of the pi −pi interactions on the extraction of ACE-inhibitors
induced by the indole moiety of Trp and goes hand in hand with the above described
fundamental adsorption studies. The high logD (solubility in an octanol phase) value of
those adsorbed peptides indicates their hydrophobic character supporting the hypothe-
sis that hydrophobic peptides are preferably adsorbed on a pure carbon surface.
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Figure 4.12: RP-HPLC with UV detection (λ = 280 nm) and ESI-TOF mass spectrometry of the en-
riched eluate of ACT3 incubated with DLC.
Table 4.7: Identied Peptides of the enriched eluate of ACT3 incubated with DLC.
# Retention time m/z Peptide logD*at pH = 7
/min [M+H]+
1 4.2 several Hydrophilic fragments –
2 4.7 333.34 Gln-Trp, Lys-Trp –, -3.64
3 14 205.2 Trp -1.80
4 14.9 265.28 Val-Phe -2.64
5 21.3 550.01 Gln-Trp-Leu-Cys, Trp-
Leu-Cys-Glu
–
6 26.9 318.33 Ile-Trp -1.51
7 31.6 318.33 Ile-Asp-Ala –
8 33.5 279.3/561.5 Leu-Phe / Leu-Asp-
Gln-Trp
-2.13
9 38 318.33 Trp-Leu -0.99
10 53.6 730.66 Val-Ser-Leu-Pro-Glu-
Trp
–
* describes the solubility in an octanol phase, calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02 (©1994-2013 ACD/Labs)
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4.1.2.3 Size-Exclusion Eect of Microporous Carbon
Besides surface hydrophobicity of the carbon, a well-chosen pore size distribution is nec-
essary to optimize the enrichment of Ile-Trp. Long-chain peptides experience stronger
interactions because van der Waals forces increase with the molar mass of molecules,
which favours the adsorption of long-chain peptides on the carbon surface. A planar
hydrophobic surface will attract both hydrophobic short-chain and long-chain peptides.
However, small peptides are more stable during digestion, whereas larger peptides are of
minor relevance in terms of in vivo bioactivity because of their gastrointestinal degrada-
tion. [12] Di- and tripeptides released from digestion of dietary proteins (e.g. Ile-Trp and
Ala-Trp) can be adsorbed without degradation from the human intestine into the blood
circulation with the intestinal peptide transporter. [241] Hence, removing the oligopeptide
fraction allows a more ecient inhibition as the inhibitor content of the hydrolysate
is further increased. Microporous carbons (d < 2 nm) are expected to exclude larger
molecules and enrich especially short chain peptides.
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Figure 4.13: Left: SEC with UV-detection (λ = 280 nm) of untreated ACT1 hydrolysate (dashed line)
and the enriched eluate (straight line) from DLC, TiC-CDC-1000, and CMK-3 after elution from the
carbon material. Right: Molecular weight distribution of the eluate fraction of the ACT1 hydrolysates
from three dierent carbon materials determined from the peak areas of the UV-detection of the SEC
chromatography. Oligopeptides (black), di- and tripeptides (white) including Trp (red) and Ile-Trp
(blue).
Size-exclusion chromatography (SEC) of the ACT1 hydrolysate treated with three dif-
ferent carbons was conducted to investigate the inuence of dierent pore sizes on the
molecular weight distribution of the adsorbed peptides. The pore size distributions of
the chosen carbons cover a range from the small micropores, where the pore ts almost
the size of the adsorbed peptide (TiC-CDC), to larger micropores (DLC) with a wider
distribution to nally large mesopores that potentially could host several peptides of
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dierent chain-length within a single pore (CMK-3) (Fig. A.6).
The results were validated with synthetic standards of known molecular size dividing the
samples into a high molecular weight fraction of oligopeptides (>429 g mol−1) and a low
molecular weight fraction of tri- and dipeptides (<429 g mol−1), of which the latter one
contains Ile-Trp and Trp (Fig. 4.13). After the incubation of DLC with ACT, the propor-
tion of the low molecular weight fraction is decreased in the residue and signicantly en-
riched in the eluate (Fig. A.7). The oligopeptide fraction between 429 and 14,300 g mol−1
is clearly diminished in the eluate (22%) (Fig. 4.13; Tab. B.7). Consequently, low molec-
ular weight tri- and dipeptides are preferably adsorbed inside the 0.85 nm micropores
of DLC and oligopeptides are excluded. The amount of oligopeptides (> 429 g mol-1) is
even more reduced to 11% by the use of TiC-CDC-1000 due to a narrow pore size dis-
tribution. In contrast, treatment with mesoporous CMK-3 shows only little changes in
the high molecular weight fraction between hydrolysate and eluate, i.e. the mesopores
of CMK-3 do not exclude this oligopeptide fraction.
CMK-3 enriched low molecular weight fractions containing Ile-Trp and Trp less ecient.
These molecules compete with the larger molecules for free adsorption sites within the
mesopores. Furthermore, the interactions between Ile-Trp and the pore wall are de-
creased inside the larger pores. This is veried by large amounts of peptides that can be
eluted from CMK-3 with water, while a less polar solvent is required to eluate peptides
from DLC and TiC-CDC-1000 being in good accordance with the liquid phase isotherms
of the respective carbons (Fig. A.8).
According to Deiber et al., di- and tripeptides exhibit a calculated hydrodynamic di-
ameter (dH ) of up to 1.14 nm, which is larger than the average pore size of DLC and
TiC-CDC-1000, whereas their molecular dimensions derived by single crystal data al-
lows them to enter the micropores. [232,242–244] The calculated dH are consistent with the
results obtained from dynamic light scattering (Fig. A.9, Tab. B.8). Hence, tri- and dipep-
tides are forced to partially take o their solvent shell to t in the pores. It is known
that adsorbate molecules experience stronger interactions from the pore wall if the pore
matches the size of the adsorbate. [32,245,246] Consequently, DLC and TiC-CDC require a
less polar solvent for elution and enrich especially the low molecular weight fraction.
DLC has a larger average pore diameter than TiC-CDC-1000 and, hence, prefers the big-
ger molecule Ile-Trp, whereas enrichment with TiC-CDC-1000 yields in higher amounts
of the smaller Trp indicating that it is possible to control the molecular weight fraction
of the adsorbed peptides by choosing the right pore size (Tab. B.7).
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4.1.2.4 Influence of Pore Surface Polarity
So far, surface hydrophobicity and a well-chosen pore size distribution were identi-
ed for an optimum enrichment of ACE-inhibitors from protein hydrolysates. A non-
functionalized carbon surface acts attractive for hydrophobic peptides including less ef-
cient inhibitors. Hence, modied activated carbon samples DLCH, DLCO, and DLCN
were incubated with ACT to increase the anity towards Trp-containing dipeptides.
As described above, no signicant dierences between the dierent carbon samples were
found in the adsorption isotherms of the single dipeptide Ile-Trp. The lling of the pore
was limited by the pore volume and not by surface groups of the carbon. Nevertheless,
dierences were observed under competitive conditions (i.e. multicomponent mixture).
After treatment of the protein hydrolysate ACT1, the highest Ile-Trp amount was ob-
tained from the nitrogen-functionalized sample DLCN (30.5 mg g−1) with an enrichment
by a factor of 6.8 (Tab. 4.8). The lowest enrichment was found for DLCH (x5.5) despite
the fact DLCH was identied as the most hydrophobic material within this set of mate-
rials by H2O-physisorption. DLCN was found to be the most hydrophilic material as it
contained 6.9% N (Tab. 4.2). This experiment was reproduced with a dierent ACT (dif-
ferent peptide composition) batch and a new batch of DLCN to proof that the increased
selectivity is observable for a wide range of parameters. Again, DLCN gave a better
enrichment (x7.3) compared to the pristine material DLC (x5.6) verifying the eect of
nitrogen functionalization.
Table 4.8: Weight fraction of Ile-Trp ω I le−T rp in the freeze-dried hydrolysate ACT and in the elu-
ate from surface-functionalized carbon samples DLCN, DLCO, and DLCH. The peptide content was
examined by RP-HPLC.
ACTI ACTII*
ωIle−Trp enrichment ωIle−Trp enrichment
/mg g−1 /factor /mg g−1 /factor
Hydrolysate 4.5 5.3
Eluate DLC 27.7 6.2 29.3 5.6
DLCN 30.5 6.8 38.5 7.3
DLCO 28.8 6.4
DLCH 24.7 5.5
* Results from a new batch of ACT in combination with a dierent batch of DLCN
The higher hydrophilicity of DLCN may result in a better accessibility for smaller pores
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than for DLCH, which is important for an ecient enrichment in terms of size exclu-
sion. The results for DLCN further show that selective interactions with surface func-
tions may dominate over hydrophobic interactions for a more selective enrichment of
Trp-containing fragments. The enrichment is performed at pH values where nitrogen
surface groups with pKa between 0.0 and -4.9 are mostly deprotonated. [231] Hence hy-
drogen bonds between Trp and pyrrolic/pyridinic surface nitrogen are possible, which
would explain an increased selectivity compared with other hydrophobic peptides. Con-
sequently, enrichment of Trp and Trp-Leu is enhanced as well (Tab. B.9).
4.1.2.5 ACE-Inhibition Studies
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Figure 4.14: Comparison of the dose-response curves for ACE-inhibition of untreated ACT3 hy-
drolysate (◾), the residue after addition of DLC (•), and of the eluate (▴) determined in vitro according
to Cheung et al.. [140] An inhibitor-containing sample was incubated with ACE and the angiotensin
analogue HHL, which is hydrolyzed by ACE. Increasing inhibitor amounts (cACT in mg l−1) lead to
sigmoidal dose-response curves.
Natural ACE-inhibitors Ile-Trp and Ala-Trp are signicantly enriched in the eluate. To
demonstrate that this leads to increased ACE-inhibition, the concentration needed for
50% inhibition of ACE in vitro (IC50) was determined for the hydrolysates, the residues,
and the eluates according to Cheung et al.. [140] Increasing amounts of the inhibitor-
containing sample were tested using an in vitro ACE-assay leading to decreased ACE-
activity. This results in a sigmoidal dose-response curve. The dose-response curve for
the Ile-Trp enriched eluate of ACT3 shows a notable shift to lower hydrolysate concen-
tration compared to the untreated hydrolysate. The inhibition observed for the residue is
91
4 Results and Discussions
signicantly lower at the same hydrolysate concentration (Fig. 4.14). This observation is
consistent with the IC50 values (Tab. 4.9) and can be explained by the removal of Ile-Trp
from the residue. The eluate shows a six times lower IC50 value (3 mg l−1) compared to
the untreated hydrolysate (17 mg l−1). The decrease of the IC50 value, which corresponds
to an increased ACE-inhibition, is in good accordance with the 7.2 fold increase of the
Ile-Trp content of the ACT3 enriched fraction.
The calculated concentration of Ile-Trp at the corresponding IC50 is 0.8 µM for the eluate
of ACT3 (Tab. 4.9), which is equal to the corresponding IC50 value of the isolated dipep-
tide (IC50 = 0.7±0.3 µM). [8] This indicates that the inhibitor Ile-Trp is responsible for the
majority of the inhibitory eect of ACT before and after extraction and that an increased
inhibition is directly correlated to the Ile-Trp content. The same trend was observed for
the lysozyme hydrolysates LCT and LAT. The increase in the concentration of Ala-Trp
leads to an enhanced ACE-inhibition of the eluate of LCT and LAT with IC50 values of 21
mg and 15 mg l−1 compared to 35 and 67 mg l−1, respectively, for untreated hydrolysates.
The Ala-Trp concentrations at the measured IC50 are 3.7 µM and 3.6 µM. This is lower
than the corresponding IC50 value of Ala-Trp (20 µM) indicating that Ala-Trp alone is
not able to explain the overall ACE-inhibition of the hydrolysates and eluate. [163] Conse-
quently, other potent ACE-inhibitors are present in the hydrolysate, which are adsorbed
on the activated carbon.
Table 4.9: IC50 values of dierent protein hydrolysates, their corresponding residues after addition
of DLC, and of the eluate and the corresponding concentration c50 of Ile/Ala-Trp at the respective
IC50 value.
ACT3† LCT* LAT‡
IC50 c50 IC50 c50 IC50 c50
/mg l−1 /µM /mg l−1 /µM /mg l−1 /µM
Hydrolysate 17 0.6 35 3.5 67 2.4
Residue 48 0.3 63 1.1 109 0.1
Eluate 3 0.8 21 3.7 15 3.6
† whey protein chymotrypsin and thermolysin hydrolysate
* lysozyme protein chymotrypsin and thermolysin hydrolysate, contains Ala-Trp instead of Ile-Trp
‡ lysozyme protein alcalase and trypsin hydrolysate, contains Ala-Trp instead of Ile-Trp
It was demonstrated by Lunow et al. that Ile-Trp and Ala-Trp, due to their molecular
structure, show a higher anity for the C-domain than for the N-domain of somatic
ACE. [148] Hence, the enriched eluates containing high amounts of these peptides should
also show C-domain selectivity. To dierentiate between the two active sites of somatic
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ACE, uorogenic substrates with specicity for, each, N- and C-domain were used. An
8-fold higher inhibition of the C-domain compared to the N-domain was observed for
the ACT eluate (Tab. B.10). The increased concentration of Ile-Trp in the eluate fraction
of ACT leads to a high potency for the inhibition of the C-domain with an IC50 value of
2.8 mg l−1. Therefore, the enriched eluate fractions containing tryptophan-containing
dipeptides are more selective to the domain, whose inhibition causes less side eects in
vivo.
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4.1.3 Columnar Enrichment‡
Peptide enrichment on the lab-scale using batch experiments with powdered activated
carbon DLC was described in the previous section. However, an economic scale-up re-
quires the transfer of batch adsorption to a ow system using adsorbent columns, which
allow higher throughputs under continuous conditions. Powdered activated carbon as
the stationary phase leads to a high pressure drop and requires high pressure columns
and pumps. To reduce the back pressure, a granulated activated carbon Norit ROX 0.8
(ROX) was chosen. [247]
The determination of adsorption kinetics and equilibration capacities is crucial for inter-
preting and predicting column results. Therefore, batch investigations were necessary
in a rst step to determine the particle size dependence of the peptide adsorption rate.
Based on the batch results, a suitable size fraction was selected as the stationary phase
for further adsorption in a columnar ow type adsorber. Adsorption performance of
the column was tested with idealized single component solutions to evaluate the depen-
dence of ow rate and cycle number. Finally, a food protein hydrolysate solution was
used as the mobile phase and pumped until the outow reached the inow composition
(Fig. 3.1). Subsequently, adsorbed peptides were eluted from the column using a food
grade eluent system. The resulting eluate was analyzed in terms of its ACE-inhibitor
content and compared to similar batch enrichment tests.
4.1.3.1 Adsorbent Characterization
Prior to peptide adsorption experiments, ROX was characterized by nitrogen physisorp-
tion and DFT-based pore size analysis as it was shown before that pore size and polarity
have a large impact on selectivity. Nitrogen physisorption at -196 °C reveals a type I
isotherm according to the IUPAC classication, which is characteristic for microporous
materials. Complete lling of the micropores with nitrogen occurs at low relative pres-
sures which results in a plateau without further nitrogen uptake at higher pressures
(Fig. 4.15). The specic surface area and specic pore volume are 1408 m2 g−1 and 0.7
cm3 g−1, respectively. The slope of the isotherm already indicates a more narrow pore
size distribution than DLC, which was conrmed by QSDFT pore size analysis. ROX
exhibits micropores with a pore size of 0.6 nm, 0.85 nm, and 1.1 nm and small mesopores
with a pore size ranging from 2.5 to 3 nm. About 77% of the specic surface area and
‡Parts of the following chapter are literally adopted from my publication. [247]
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63% of the pore volume are associated to micropores on the basis of the QSDFT pore size
analysis (Tab. B.11). Furthermore, no macropores are visible at SEM-pictures of ROX 0.8
(Fig. A.10). Hence, short chain peptides should adsorb inside the pores, whereas longer
peptides are excluded.
The low oxygen-content (3.3 w% derived by EDX), caused by steam activation similar to
DLC, and the narrow pore size distribution imply a similar enrichment performance for
Ile-Trp as compared to DLC. [248,249] Moreover, ROX contains merely 2 w% of ash content
(Fig. A.11) and meets the requirements of the latest version of the U.S. Food Chemicals
Codex, which is important for using processed peptides as additives for functional food.
ROX is shaped as cylindrical extruded pellets, which were crushed and fractionated from
ROX-50 to ROX-1000, where the value refers to the upper particle diameter of the re-
spective fraction in µm (Tab. 3.2).











p  /  p 0




























Figure 4.15: Left: N2-physisorption isotherm (-196 °C) of ROX-50 (◾). Right: Corresponding pore size
distributions (QSDFT for N2 at -196 °C on carbon with slit and cylindrical pores using the adsorption
branch) of ROX-50.
4.1.3.2 Batch Liquid Phase Adsorption Kinetics
Batch investigations were necessary to determine adsorption kinetics and equilibrium
uptakes of Ile-Trp and similar adsorbates before column experiments could be conducted.
The pristine material ROX-1000 and the smaller fractions ROX-500, -235, -125, and -50
(Tab 3.2) were incubated with 1 mM Ile-Trp solution and the peptide concentration was
monitored via UV/Vis (Fig. 4.16). In general, the overall adsorption rate depends pre-
dominantly on the particle size. After 10, 120, 456, and 1830 min, the Ile-Trp concen-
tration reached 50% of its initial value for ROX-125 -250, -500, and -1000, respectively
(Tab. 4.10). It is noteworthy that the nal concentration is nearly the same (0.05-0.09
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mM) for all size fractions. Hence, the whole particle is accessible for the target Ile-Trp at
equilibrium. This observation is consistent with the fact that similar specic surface ar-
eas are obtained for all size fractions and no further pores are exposed by breaking down
the pristine particle (Tab. 4.10). For the smallest fraction ROX-50, equilibrium conditions
were already reached after 5 min, when the rst sample was taken. The adsorption ki-
netics of the other fractions show two dierent regimes, which are a steep decrease of
Ile-Trp concentration during the rst 5 min and an exponential decrease in the follow-
ing (Fig. 4.16). The steep decrease during the rst 5 min is more pronounced for smaller
fractions ROX-125 and ROX-250. In the early part of the exponential decrease, the ad-
sorption rate can be seen as nearly constant, the adsorption becomes slower in the later
stage until the nal constant concentration is reached. The exponential shape becomes
atter with increasing particle size.
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Figure 4.16: Batch adsorption kinetics of Ile-Trp on granulated carbon samples ROX-1000 (•), -500
(◾), -250 (▴), and -125 (◆) monitored by o-line UV/Vis measurements (λ = 280 nm). The inset shows
the rst 60 min of the experiment. An aqueous 1 mM Ile-Trp solution (40 ml) was incubated with 40
mg Carbon and shaken carefully. Data points were tted following a double-exponential model of
Wilczak and Keinath.
This bimodal rate indicates that the concentration change in solution is dominated by
dierent processes at dierent points of time. Hence, the dataset was tted using an
empirical double-exponential function proposed by Wilczak and Keinath dividing the
uptake process into two steps (eq. 3.3). The diusion parameter k1 of the rst fast step is
larger than k2 of the second slow step (Tab. 4.10). ROX-125 and -250 exhibit comparable
k1-values (22.4 and 28.3 h−1). For these two fractions, k1 is similar to literature values
96
4 Results and Discussions
and can be attributed to a fast adsorption of Ile-Trp on the outer- and near-surface region
of the adsorbent. [52] The amount of Ile-Trp that is adsorbed within this rst 5 minutes
decreases with increasing particle size, as the relative volume of this outer surface layer
compared to the whole particle becomes smaller (Fig. A.12). From this observation, the
thickness of this surface layer was estimated to be in the range of 10 µm (Tab. B.12).
For ROX-500 and -1000, the volume of this surface layer becomes negligible as can be
seen from the small uptake after 5 min and the small value of k1, which is almost of
the same range as k2 of ROX-125 and -250. The second and slow step can be described
as a regime where the outer particle surface is saturated with Ile-Trp and the diusion
of the adsorbate towards the centre of the particle dictates the overall peptide uptake
resulting in a homogeneous distribution over the whole cross section of the particle. [52]
The double-exponential function t results in a k2-value for the two largest fractions that
can be attributed to a third and even slower adsorption regime that may occur when
outer pores are nearly clogged and slow down the intraparticle diusion. This third
regime is well pronounced for ROX-1000 where the curve shows a clear rate change
after 25 h.
Table 4.10: Particle size-dependent specic surface area SSABET of the investigated carbon material
ROX and adsorption kinetic parameters k1 and k2, and time for half saturation τ 50 for Ile-Trp derived
by tting the experimental data points with the double exponential model of Wilczak and Keinath
(eq. 2.12). Adsorption equilibrium for F50 was reached after 5 min. Hence, exponential t was not
applied.
SSABET k1 k2 τ 50
/m2 g−1 /h−1 /h−1 /min
ROX-1000 1480 0.13 0.0035 1830
ROX-500 1382 0.64 0.055 456
ROX-250 1425 28.3 0.18 120
ROX-125 1340 22.4 0.20 10
ROX-50 1408 - - <5
4.1.3.3 Batch Liquid Phase Adsorption Isotherms
The Ile-Trp uptake derived from kinetic experiments reaches values of 0.9 mmol g−1 at
equilibrium. This uptake is not the maximum value because the uptake is a function
of the equilibrium concentration. Therefore, batch adsorption isotherms were recorded
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for Ile-Trp and Trp using the smallest fraction ROX-50. Ile-Trp is the strongest ACE-
inhibitor in AAT while Trp is a non-active side product of the hydrolysis, which is com-
parable in size and polarity. [242,243] Hence, similar adsorption properties can be expected,
which was already proven for DLC (Chapter 4.1.1.2). Isotherms of Ile-Trp and Trp show
a steep slope at low equilibrium concentrations reaching a plateau at 1 mM (Fig. 4.17),
which indicates a complete lling of the pores with adsorbate, which was further con-
rmed by nitrogen physisorption and optical thermal response measurements of a satu-
rated carbon sample showing the gradual loss of porosity with increasing Ile-Trp loading
(Fig. A.13, A.14, and Tab. B.13). [250] The shape of the isotherm is similar for Trp. A linear
Langmuir t results in a maximum molar uptake of 1.0 and 1.5 mmol g−1 for Ile-Trp and
Trp, respectively and the Langmuir coecient KL indicates moderate binding for both
Trp and Ile-Trp. The higher molar uptake for Trp is due to its lower molar mass. By
normalizing it to the mass uptake for both molecules, the value becomes almost equal
(329 and 312 mg g−1, respectively). Taking their respective bulk density into account
(calculated using Adv. Chem. Dev. Softw. V11.02 (© 1994-2015 ACD/Labs)), the volu-
metric uptake for Trp and Ile-Trp is 0.23 and 0.26 cm3 g−1, respectively, showing that
less than 40% of the actual pore volume of ROX-50 (0.7 cm3 g−1) is occupied by Ile-Trp
or Trp despite the complete loss of porosity. Incorporation of solvent molecules and an
ineective ordering of the adsorbate molecules inside the small micropores may lead to a
less dense lling of the carbon than theoretically possible. The similar anity of Ile-Trp
and Trp for the carbon indicates that both substances will be enriched in the adsorbed
phase from the protein hydrolysate. The adsorption kinetics and the equilibrium pep-
tide uptakes derived from batch experiments gave valuable insights into the adsorption
process, which helps to design and validate future column tests.
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Figure 4.17: Left: Batch liquid phase adsorption isotherms of Ile-Trp (◆) and Trp (◆) on ROX-50
(mROX = 5 mg, V0 = 25 ml, T = 25 °C). Right: Corresponding molar (Γmax ) and (qmax ) mass peptide
uptakes derived from a linear Langmuir isotherm t.
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4.1.3.4 Column Adsorption Experiments and Breakthrough Curves
The next step towards a continuous enrichment was the investigation of the column
adsorption with single component model solutions. Similar adsorption characteristics
were observed for both Ile-Trp and Trp in batch experiments. Hence, Trp was cho-
sen as a model system in the following column tests as an alternative to Ile-Trp. First
tests on ROX-1000 using a glass column did not exhibit a clear breakthrough behaviour
(Fig. A.15). The absence of the fast adsorption step for ROX-1000 led to a partial elu-
tion of Trp after passing the dead volume followed by a slow breakthrough. The fast
adsorption regime is crucial for a steep breakthrough because the residence time of the
adsorptive in the column is in the range of minutes. Hence, the smaller fraction ROX-250
was chosen for further column experiments as it depicts the best compromise between
fast adsorption kinetics and low pressure drop.
A column with ROX-250 as the stationary phase showed a sharp breakthrough curve
(Fig. A.16). With respect to the batch isotherm, the column was designed to run at least
23 h at the chosen Trp ow (1 mM and 0.5 ml min−1) before the maximum adsorption
capacity is reached. Trp was quantitatively removed from the outow in the early stage.
After 22.5 h, corresponding to 138 mg Trp, the amino acid starts to break through the
column bed. The curve is nearly ideally s-shaped. The Yoon and Nelson model was
adapted with excellent agreement to the experimental curve (eq. 2.14). [58] The rate con-
stant kYN (min−1) is an expression of how fast the saturation equilibrium is reached
for the whole column, which is important in terms of eciency of the process. It can be
seen that kYN is of the same order of magnitude for all investigated ow rates (Tab. B.14).
Therefore, the ow rate has no inuence on the shape of the breakthrough curve in the
investigated range, clearly showing that adsorption in the surface layer of the particle is
faster than mass transport in solution.
At the point of breakthrough, the concentration prole inside the column reaches the
outow. Complete saturation of the adsorbent is reached as soon as the outow concen-
tration reaches the value of the inow. For the rst cycle, breakthrough and saturation
capacity reach values of 1.5 and 1.7 mmol g−1, respectively, being in agreement with
the capacity obtained from batch experiments (Tab. B.14). Again, the whole adsorbent
particle is accessible for the adsorbate. After saturation of the column, adsorbed Trp
was desorbed from the column with an eluent which is suitable for food applications
and was used for DLC as well, namely a mixture of ethanol and water (50:50 V/V). The
breakthrough capacity is decreased by 43% in the second cycle and then becomes stable
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Figure 4.18: Left: Breakthrough curves of Trp on ROX-250 detected with UV/Vis at 280 nm for ow
rates of 0.5 (1st cycle), 0.75 (2nd cycle), 1 (3rd cycle), and 0.5 ml min−1 (4th cycle). Right: Correspond-
ing breakthrough and saturation capacities.
after the third cycle. The ow rate has no inuence on the adsorption rate as can be seen
between the third and fourth cycle, where the ow rate is again reduced to 0.5 ml min−1
and the capacity remains at the same level.
Under the given conditions, desorption of Trp is incomplete, as only 70 to 85% of Trp
can be recovered. The dierence between adsorption and desorption is caused by Trp
molecules adsorbed inside the smallest micropores, from that Trp cannot be removed
by the ethanol/water mixture. As a direct result, ROX-250 lost 52% of its total pore vol-
ume (Fig. A.17), which is in good agreement with the loss of 56% of the breakthrough
capacity after the fourth cycle. Nitrogen physisorption also revealed that the micropore
volume was reduced from 63 to 40% of the total pore volume (Tabl. B.11). Hence, residual
Trp is preferably blocked inside the micropores and the capacity drop can be attributed
to incomplete desorption. Nevertheless, kYN stays almost constant for all 4 cycles, i.e.
micropore blocking does not aect adsorption kinetics.
4.1.3.5 ACE-Inhibitor Enrichment from Protein Hydrolysates
Column adsorption of the single model adsorptive Trp exhibited an ideal and steep
breakthrough curve and a complete depletion of Trp in the outow until the point of
breakthrough under the given ow rates. The adsorption capacity reaches a plateau af-
ter four cycles. The column bed was replaced after the cycling tests to start with a fresh
stationary phase. A whey hydrolysate (AAT) solution containing 0.05 mM Ile-Trp was
used as the mobile phase, which is comparable to previous batch experiments (Chap-
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ter 4.1.2). According to the Ile-Trp isotherm, the carbon is not completely saturated at
this concentration.
The outow concentration was detected via UV/Vis at two dierent wavelengths. At
230 nm, peptides are detected unselectively mainly originating from C-N amide bonds
present in each peptide. The 280 nm trace detects selectively aromatic amino acid-
containing peptides such as Ile-Trp (Fig. A.18). During the rst 0.44 h, no peptides
were detected at the outow of the ROX-250 column (Fig. 4.19). Then, the concentra-
tion started to increase while no aromatic compounds eluted until 0.77 h. After 10 h, the
outow reached the inowing concentration. At the outlet, several samples were taken
and analyzed via RP-HPLC to conrm the UV/Vis detection. In the rst hour, only hy-
drophilic peptides were detected (Fig. 4.19). Those peptides show a reduced adsorption
capacity and anity to the carbon material. Hence, they are not adsorbed in the column.
No Ile-Trp or Trp-Leu was detected in the rst hour, which means that these dipeptides
were quantitatively adsorbed at the column. The increase of aromatic peptides runs in
accordance with the area of the Ile-Trp and Trp-Leu peaks from RP-HPLC. Despite the
higher overall mass loading of the AAT liquid phase (3.17 g l−1) compared to the 1 mM
Trp solution of the single adsorbent experiments (0.2 g l−1), the ecient separation of
hydrophilic from hydrophobic and hypotensive compounds is achieved.
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Figure 4.19: Left: Breakthrough curves of 0.5 ml min−1 AAT on F250 analyzed by UV/Vis absorbance
at 235 (black) and 280 nm (grey), and relative integrated peak areas of Ile-Trp (•) and Trp-Leu (▴) de-
rived from RP-HPLC. Right: Corresponding RP-HPLC-UV chromatograms of samples taken at given
operation times of the column. Hydrophobic marker molecules Ile-Trp and Trp-Leu were assigned
by synthetic standards.
After saturation of the column, the inow was switched from the AAT solution to the
eluent mixture. The desorbed peptides were dried and analyzed with RP-HPLC. The Ile-
Trp mass fraction in the dried end product (17.6 mg g−1) was increased by a factor of
4 compared to the initial hydrolysate as a result of selective interactions with the pore
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wall (Tab. B.16). Trp and Trp-Leu are also enriched but of minor relevance regarding
their hypotensive activity. Batch and column adsorption experiments with dierent par-
ticle sizes are compared to determine the biggest inuence on the enrichment (Fig. 4.20).
Batch adsorption with the same size fraction (ROX-250) resulted in a comparable factor
of 4.9. Hence, the setup does not deteriorate the enrichment. A more important role
plays the particle size. The smaller fraction ROX-50 gave better enrichment by a factor
of 8.7 in batch experiments, while the column enrichment with ROX-1000 gave only an
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Figure 4.20: Ile-Trp enrichment factors achieved with dierent size fractions ROX-50, -250, and -
1000 using batch and column setups in combination with the same batch of food protein hydrolysate
AAT (Tab. B.15).
With increasing particle size, the adsorption kinetics are slowed down as intraparticle
diusion dominates the peptide uptake. The residence time of the peptide in the col-
umn is shorter than necessary for the whole particle to be in equilibrium. The column
is not in complete equilibrium for larger particles although breakthrough is reached.
Thus, not the whole particle is utilized in the column process and less surface area is
available for adsorptive enrichment. A large surface area and complete equilibrium is
needed for an eective enrichment, which will be explained in the following. In a rst
step of the adsorption, peptides adsorb non-selectively at the carbon outer surface and
then tend to reach a competitive equilibrium state by continuous de- and adsorption
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and diusion towards the particle core. As can be seen from the breakthrough curve, hy-
drophilic peptides reach quickly the adsorption equilibrium and elute early from the col-
umn while complete saturation with Ile-Trp takes longer (slower intraparticle diusion
due to stronger interactions). Therefore, the concentration of Ile-Trp at the column must
be lower when no complete equilibrium is achieved. Such a time-dependent selectivity
has been observed for other adsorption phenomena as well. [251] It was also reported be-
fore that the selectivity of an adsorption column is reduced when equilibrium state is
not reached, which is the case for larger particles. [173] As a consequence, aromatic and
aliphatic peptides showed nearly the same retention behaviour with F1000 while a clear
separation was observed for F250 (Fig. A.19). Furthermore, the size exclusion selectivity
is negligible compared to batch experiments with F50 (Fig. A.20). As reported before,
a polarity and size selective adsorption is essential for a successful Ile-Trp purication
(Chapter 4.1.2). [240]
Even though, the batch enrichment with ROX-50 generated the highest ACE-inhibitor
mass fraction in the end product in incubation times below 1 h it was limited to 50
mg of carbon material. Larger scales are dicult to realize because mixing, ltering,
and elution becomes more complicated for ne powders, as high back pressures would
occur in a lter bed. In contrast, using a column with ROX-250 enabled the use of higher
carbon masses of up to 500 mg, which can even be scaled up further or parallelized
while keeping contact time and feed solution constant. Furthermore, the eciency of
the process is maximized as the loss of Ile-Trp is close to zero when the elution starts
right after the breakthrough and separated long chain peptides of the residue fraction can
be used elsewhere, e.g. as emulsiers or nutritional protein source. The presented study
is a reasonable basis for the design of a two-bed process with alternating regeneration.
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4.2 Liquid Phase Adsorption of Lithium-Sulfur
Baery Electrolytes
4.2.1 Polysulfide Adsorption§
The lifespan of lithium-sulfur batteries (LSB) is limited due to the solubility of intermedi-
ate lithium polysuldes (PS). Developing a cathode material that is capable of adsorbing
PS and sulfur as well is of great importance for future long-life LSB. Switching the topic
from life science to energy storage, the following ex situ PS and sulfur adsorption ex-
periments utilize liquid phase adsorption as a tool to gain insights into LSB and nd
optimal adsorbent characteristics without cell assembly and time-consuming electro-
chemical testing. The inuence of adsorbate polarity and pore size was investigated.
Therefore, the adsorbent is incubated with an Li2S6 solution (Fig. 4.21). After equilibra-
tion of the system, the porous carbon is removed from the solution and the concentration
change in the supernatant is detected via UV/Vis spectroscopy. A measurement routine
was developed that allows a quantitative and qualitative evaluation of the adsorption be-
haviour by measuring the PS adsorption (PSA) at dierent concentrations. The shape of
the resulting isotherm gives insight into adsorbate-adsorbent interactions. With the mo-
tivation to evaluate new cathode materials only from their pore structure characteristics,
this approach was used to develop a PSA prediction based on an incremental porosity
analysis. Therefore, model carbons with dierent pore sizes were investigated. Further-
more, the inuence of pore polarity was investigated by introduction of heteroatoms.
Slowed down adsorption kinetics and a changed isotherm indicated a strong binding
situation, which was further investigated with X-ray photoelectron spectroscopy.
4.2.1.1 General Considerations about the Polysulfide Solution and Porous
Carbons
Adsorption experiments in the well-established LSB electrolyte system 1,2-dimethoxy-
ethane/dioxolane (DME/DOL) were used to study and compare diverse materials regard-
ing their PS retention in a simplied battery electrolyte environment. The experimental
data are very sensitive to the applied solvent mixture as solvent molecules can co-adsorb
at adsorption sites and inuence the PSA. Hence, a careful description of the PS solution
§Parts of the following chapter are literally adopted from my publication. [252]
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Figure 4.21: The inuence of adsorbent properties on the polysulde (PS) retention based on UV/Vis
spectroscopy. Model carbons with dened pore sizes and surface polarities were selected to study sys-
tematically their PS adsorption during liquid phase adsorption as a model environment for lithium-
sulfur batteries. Therefore, the PS solution was incubated with the carbon until adsorption equilib-
rium was reached. The supernatant solution was ltered o the carbon and the PS concentration was
investigated with UV/Vis spectroscopy.
and the applied carbon materials is pivotal to build the foundation for later discussions
about adsorbent-adsorbate interactions.
Polysulde Solutions
Continuous absorbance was recorded from 200 to 550 nm for pure Li2S6 solutions in
DME/DOL due to disproportionation of Li2S6 to PS of varying chain length and sulfur
(Fig. 4.22). [197,203] Even single PS species show multiple absorption bands. [204] In general,
longer PS species absorb at higher wavelengths than short species but direct assignment
of peaks is critical and hard to compare with studies in dierent solvents as the sol-
vent can shift absorbance peaks to dierent wavelengths. [201,253] The partial negatively
charged oxygen of ether solvents (DME, DOL) solvates Li, which leads to an increased
Li-S bond length or even PS dissociation. [254] This observation is supported by 7Li-NMR
measurements where a broad singlet resonance at δ (Li) = 0.85 ppm is observed for a
2 mM Li2S6 solution (Fig. 4.22). The broadening of this resonance might be explained by
an exchange in the coordination environment of the Li-ions between dierent PS [254] or
between PS and solvent molecules. A solution of the ionic electrolyte additive LiTFSI
shows a singlet resonance at δ (Li) = -0.90 ppm in the 7Li-NMR spectrum, which is sig-
nicantly sharper compared to the PS solution. [255,256] Interestingly, a mixture of both
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lithium compounds reveals a sharp singlet resonance at δ (Li) = -0.75 ppm due to a fast
exchange, indicating an equal chemical environment for the Li-ions in solution. Cooling
down the sample results in a slower exchange of the chemical environment of the nu-
cleus of interest and discrete states, which can result in peak splitting. Low temperature
NMR experiments at 0, -10 and -20 °C showed a singlet resonance in each case (Fig. A.21),
which additionally emphasizes our suggestion of one chemical environment of the Li-
ions in these diluted Li2S6 + LiTFSI mixtures in DME/DOL. With decreasing tempera-
ture, the signal is shifted towards lower ppm values. Consequently, PS in DME/DOL
is considered as a relatively polar species in contrast to uncharged and non-polar S8
molecules. [257] Hence, stronger interactions are expected with polar adsorbent materi-
als.
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Figure 4.22: Left: UV/Vis-spectra of Li2S6 solutions with concentrations between 1 and 8 mM. Right:
7Li-NMR of 2 mM Li2S6 solution in DME/DOL, LiTFSI, and a mixture of both. Li-ion concentration
was kept at 4 mM for all solutions.
Model Carbon Selection
Model carbons with uniform and adjustable pore sizes were applied to correlate poros-
ity characteristics with PSA. All samples were investigated with nitrogen physisorp-
tion in order to determine their pore size distribution. Based on a combination of XPS
and DFT pore size analysis, those carbons were categorized and labelled as CMI, CME,
and CMM, where C stands for carbon material, without heteroatom functionalization
(Tab. 4.11). The additional sux MI, ME, and MM describe microporous (d < 2 nm),
mesoporous (d = 2-50 nm), and micro- and mesoporous carbon materials, respectively.
C displays a carbon sample without any porosity. The label CN displays a nitrogen-
functionalized derivative of the activated carbon CMM1 with broad pore size distribu-
tion. [123] It contains 7 and 3 atom % of nitrogen and oxygen, respectively. The samples
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CNO1-CNO3 show unusual hydrophilic character among other carbon materials caused
by an extremely high heteroatom content of up to 14 and 15 atom % nitrogen and oxygen,
respectively. CNO1-CNO3 show similar high water uptakes at low relative pressures
(Fig. A.22). Hence, a comparable hydrophilicity can be assumed. They dier in pore
size distribution and particle size (Fig. A.23-A.25). [225] The mesoporous CNO1 consists
of large particles (>100 µm), whereas microporous samples CNO2 and CNO3 consist of
medium particles (1-5 µm) and a network of small nanoparticles (<200 nm), respectively.
All textural properties are summarized in Table 4.11.
Table 4.11: Total pore volume (TPV), specic surface area (SSABET ), ultramicropore volume UMPV
(d < 0.7 nm), supermicropore volume SMPV (0.7 ≤ d ≤ 2 nm), mesopores volume MPV (d > 2 nm),
polysulde adsorption (PSA) based on UV/Vis spectroscopy measurements and heteroatom (HA)
contents derived from XPS (nitrogen and oxygen) (acronyms dened in the table B.17).
TPV SSA UMPV SMPV MPV PSA HA
/cm3 g−1 /m2 g−1 /cm3 g−1 /cm3 g−1 /cm3 g−1 /mmol g−1 /%
CMI1 0.77 1698 0.00 0.53 0.24 0.27 0.3
CMI2 0.58 1460 0.30 0.14 0.14 0.54 0.3
CMM1 1.00 1660 0.05 0.37 0.38 0.29 3.8
CMM2 1.99 2800 0.05 0.53 1.41 0.59 0.8
CME1 1.26 1180 0.07 0.06 1.14 0.34 2.1
CME2 5.18 1797 0.08 0.08 0.76 0.26 0.3
CME3 1.78 1220 0.00 0.16 0.48 0.17 0.3
C 0.13 68 0.00 0.00 0.13 0.02 -
CN 0.87 1597 0.05 0.35 0.40 0.32 10
CNO1 1.21 861 0.04 0.13 1.04 0.92 16
CNO2 0.43 745 0.24 0.01 0.19 1.22 30
CNO3 0.37 840 0.13 0.17 0.08 1.08 24
4.2.1.2 Spectroscopic antification of Polysulfide Adsorption
Liquid phase adsorption isotherms were recorded by plotting the uptake of PS against
the equilibrium concentration of the adsorptive in batch experiments. Valuable infor-
mation about maximum PS uptake and PS-carbon interactions is drawn from the shape
of the isotherm, which is exemplary described for CMI2 in the following. To quantify
the PSA, a calibration was recorded for concentrations from 1 to 10 mM. According to in
operando studies, this is a expected concentration range for Li-S batteries. [201] For real-
istic solvent/sulfur ratios, higher values can be expected (Section 4.2.1.6). Nevertheless,
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investigating the low concentration range is of pivotal importance because it is the aim
to remove all polysuldes from solution.
After addition of the carbon material, the absorbance uniformly decreases over the whole
wavelength range from 300 to 600 nm. For the microporous material CMI2 the ab-
sorbance of the 2 mM PS solution decreases by 85% (Fig. 4.23). For concentrations be-
low 2 mM a shift of the absorbance peak from 420 nm towards shorter wavelengths is
observed indicating further disproportionation of PS. This behaviour leads to a formal
oset of the linear calibration at 450 nm (Fig. A.26). The adsorption excess is calculated
by eq. 2.2 and is given in mmol Li2S6 per gram carbon material. Although the transfor-
mation to an absolute mass has to be evaluated carefully, it allows comparing dierent
materials among each other. Three adsorption excess values can be plotted against the
PS equilibrium concentration resulting in a low resolution isotherm. The adsorption ex-
cess of CMI2 is constant in the investigated concentration range of 2 to 8 mM. Assuming
a similar bulk density as for Li2S (1.64 g cm−3), a fully saturated CMI2 adsorbs up to 4.6
mmol g−1 PS (Fig. 4.23). The experimental maximum adsorption excess of 0.57 mmol
g−1 indicates that solvent molecules co-adsorb and the anity towards the carbon is
poor. The same isotherm shape is observed for other hydrophobic carbons. Hence, an
averaged PSA is calculated for further interpretation of the dataset.
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Figure 4.23: Left: UV/Vis-spectra of 2 mM (black), 4 mM (blue), and 8 mM (red) Li2S6 solution
before (dotted line) and after (straight line) incubation with CMI2. Right: Corresponding liquid phase
adsorption isotherm of Li2S6 in DME/DOL at CMI2 in comparison to calculated saturation uptake
based on a completely lled pore volume and a bulk density of Li2S.
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4.2.1.3 Correlation of the Polysulfide Adsorption Based on Porosity Analysis
The non-porous sample C shows negligible adsorption (Tab. 4.11). Among the tested hy-
drophobic carbons, CMI2 and CMM2 exhibit the highest PSA of 0.54 and 0.59 mmol g−1,
respectively, which is still much lower than their calculated saturation capacity. The
other materials adsorb less than CMI2, between 0.17 and 0.36 mmol PS per gram car-
bon. In good accordance with literature, materials with high micropore contents adsorb
high amounts of PS (Fig. 4.24). Surprisingly, the mesoporous materials CME1-3 exhibit
comparable PSA. Hence, all pore sizes must contribute to PSA, but a clear correlation is
complicated, because all materials exhibit dierent porosities. This diversity makes the
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Figure 4.24: Left: Incremental pore size distribution of the investigated hydrophobic carbon ma-
terials derived from N2-physisorption at -196 °C divided in mesopores (2-7 nm), large micropores
(0.7-2 nm) and ultramicropores (<0.7 nm). Right: Averaged polysulde adsorption (PSA) derived
from UV/Vis spectroscopy.
A correlation with the total pore volume delivers no satisfying t (Fig. 4.25). For instance,
CMI2 adsorbs high amounts of PS despite its low total pore volume, while CME2 has the
highest pore volume of all carbon samples and adsorbs only an average amount of PS.
This is in good accordance with the observation of low pore lling and indicates that
PS face an adsorption potential only close to the pore wall, i.e. larger pores are not
completely utilized. A plot of PSA versus the specic surface area of the adsorbent gives
a better correlation reecting this fact (Fig. A.27), but still some carbons like CMI2 are
underrated. A closer look at the pore size distribution of CMI2 reveals its relatively high
ultramicropore content of 0.3 cm3 g−1 indicating a larger participation of ultramicropores
to PSA.
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A similar behaviour was observed for porous carbon materials and their performance
for capacitive desalination of water. [258] Therefore, a pore size analysis was performed
for PSA considering that each pore size increment contributes dierent to the PSA. This
analysis quanties the fact that smaller pores have a higher adsorption capacity than
mesopores and is expressed by:
PSA = PSCUMP ⋅UMPV + PSCSMP ⋅ SMPV + PSCMP ⋅MPV (4.1)
where the polysulde adsorption PSA is determined by the pore volume V of the adsor-
bent divided into three empirically chosen increments. The polysulde capacities PSC[mmolcm−3] are adjusted for every increment separately by the optimization routine and
express the pore volume rated molar uptake of PS. The increments are chosen according
to IUPAC classication [29], are also based on our previous ndings, and can be divided in
ultramicropores (UMPV; 0-0.7 nm), supermicropores (SMPV; 0.7-2 nm), and mesopores
(MPV; >2 nm). With increasing pore size, the PS capacity is dened to stay constant or
decrease but not to increase (Fig. A.28). Within one increment, the PSC is assumed to be
constant. The PSC was neglected for pores larger than 7 nm because their contribution
becomes minor. [258] Only CME2 and CME3 were aected by this assumption because
they exhibit larger pores, too. The optimization routine is based on a linear regression
function that was written using the OriginPro 2015 Software (©1991-2015 OriginLab Cor-
poration) and resulted in PSC for ultramicro-, supermicro-, and mesopores of 1.48, 0.45,
and 0.19 mmol cm−3, respectively (Tab. 4.12). The t between calculated and experimen-
tal PSA has obviously improved and the previously observed larger PSA of ultramicro-
pores can now be quantied. Ultramicropores adsorb 7.5 times more PS than mesopores
and 3.4 times more PS than supermicropores. These ndings are in good agreement with
electrochemical studies of LSB, where micro- [195] or mesoporous [92] interlayers on the
separator prolonged the lifespan. On the one hand, adsorption in small pores is favoured
as the adsorption potentials of opposite pore walls overlap and attractive interactions
are increased, which can be observed for many adsorption applications. [25,66,164,245,259]
On the other hand, CMM2 shows the highest PSA so far compensating its negligible
ultramicropore content by a high volume of larger pores.
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Figure 4.25: Left: PSA plotted against the total pore volume of the respective carbon material. Right:
Parity plot for PSA in mmol per gram of carbon. The calculated PSA assumed a decreasing adsorption
potential with increasing pore size.
4.2.1.4 Influence of Heteroatoms in Carbon Materials on Polysulfide
Adsorption
The polarity of the adsorbent plays a major role for the PSA. As discussed earlier, PS in
solution is specied as a polar adsorptive. Hence, PSA on pure carbon relies on physical
adsorption and is rather weak. [21] Selected nitrogen- and oxygen-doped porous carbon
materials with dierent degrees of polarity were tested for PSA to complementary in-
vestigate the polarity and pore size inuence. The PSA for CN (0.32 mmol g−1) is com-
parable to its raw material CMM1 (0.31 mmol g−1) despite a slightly decreased porosity
(Tab. 4.11). Hence, the post-synthetic nitrogen functionalization has only a slight impact
on the PSA.
On the contrary, considerable changes in PS uptake where observed for CNO1-3 com-
pared to the other carbon samples, which lead to the interesting observation of particle
size dependent adsorption kinetics with the bare eye. Complete equilibration takes more
than 48 h for CNO2 due to slow intraparticle diusion. Strong interactions of lithium
with the pore wall and the higher pore lling degrees slow down motion of PS inside
the pore system. Hence, outer particle layers are saturated early and block further PS
uptake. Introducing mesopores (CNO1) or decreasing the particle size (CNO3) led to a
visible reduction of equilibration times (Fig. 4.26). While CN shows typical physisorp-
tion of PS, which is related to its high specic surface area, CNO2 shows the highest
uptakes amongst all investigated adsorbents, although it is characterized by a medium
specic surface area of only 745 m2 g−1 (Tab. 4.11).
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Figure 4.26: Left: Adsorption kinetics of 2 mM Li2S6 solution incubated with dierent carbon materi-
als CNO1-3. The pictures were taken under constant exposure conditions and position. Right: Parity
plot for polysulde adsorption (PSA) in mmol per gram of carbon. The calculated PSA assumed a
decreasing adsorption potential with increasing pore size.
Determining a PSA prediction according to eq. 4.1 requires some assumptions. Even
equilibrated and colourless solutions of 2 mM PS still absorb in the UV-range due to
dissolved sulfur or shorter PS (Fig. A.29). Furthermore, the PSA still increases with in-
creasing PS concentration and no adsorption maximum is reached (Fig. A.30). Higher PS
concentrations would yield further adsorption as long as complete lling of the pores is
not achieved. This is also the case for hydrophobic carbons, where the measured excess
uptake reaches a maximum but the absolute uptake would still increase with increasing
concentration. Nevertheless, it is practically relevant to determine the PSA at low con-
centrations as this is the desired situation in real batteries. Hence, PSA was averaged as
described for the hydrophobic materials to maintain comparability between all samples
at relevant concentrations. [201] Averaging results in PSA of 0.9, 1.09, and 1.22 mmol g−1
for CNO1, CNO3, and CNO2, respectively (Fig. 4.26). A PSA analysis using eq. 4.1 was
performed for these samples. Hydrophilic and ultramicropores exhibit the highest PSC
(4.77 mmol cm−3), which is 25 times higher than for hydrophobic mesopores (Tab. 4.12).
Hydrophilic supermicro- and mesopores adsorb 2.57 and 0.39 mmol cm−3 of PS, respec-
tively, which is clear increase compared to their hydrophobic counterparts.
4.2.1.5 Interactions Between PS and Polar Adsorbents
Heteroatom doping cannot be the only explanation for the unique PSA of CNO1-3 be-
cause CN exhibits no dramatically increased PSA raising the question which molecular
functions inside the pores of CNO are responsible for such anomalous behaviour. Hence,
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Table 4.12: Polysulde capacities for ultramicropores (PSCUMP ), supermicropores (PSCSMP ), and
mesopores (PSCMP ) express the pore volume rated molar uptake of PS and were calculated for hy-
drophobic and hydrophilic carbons using a linear regression method written in the OriginPro 2015
Software (©1991-2015 OriginLab Corporation).
PSCUMP PSCSMP PSCMP
/mmol cm−3 /mmol cm−3 /mmol cm−3
Hydrophobic Carbons 1.48 0.45 0.19
Hydrophilic Carbons 4.77 2.57 0.39
dierences between these carbons were further examined with water physisorption and
XPS to resolve the binding situation inside the pores.
Water Physisorption
Synthesis of both CN and CNO result in comparable distribution of pyridinic and pyrrolic
nitrogen, although nitrogen and oxygen doping is higher for CNO. [123,225] Pyridinic and
pyrrolic nitrogen groups are considered to be a strong adsorption site for lithium forming
a N-Li-S interaction and hence contributing to PSA. [37,38] Heteroatoms are incorporated
into the carbon matrix of CNO including the smallest micropores resulting in a carbon
network with ordered N positions. [225] This behaviour cannot be assumed for CN, ac-
cording to the post-synthetic functionalization leading to a less pronounced hydrophilic
character compared to CNO, which was proven by water-physisorption (Fig. 4.27). For
CN, the water adsorption is shifted by p/p0 of 0.07 towards lower partial pressures com-
pared to CMM1 and the slope of the isotherm in the low pressure region is increased.
As the pore size of CN is similar to its pristine material CMM1, this shift is explained by
stronger interactions with water and, hence, an increased hydrophilicity of pore wall.
CMI2, which exhibits a considerable amounts of ultramicropores smaller than 0.7 nm,
shows a shifted hysteresis starting 0.5 p/p0 indicating a dierent adsorption mechanism
for water in extremely small cavities than in larger pores. The combination of ultra-
micropores and strong heteroatom doping for CNO2 leads to the unusually high water
uptake at relative pressures below 0.2 p/p0. Such a high anity for water is unique for
carbon materials explaining increased interactions between the carbon pore wall and
the polar polysulde from a classical adsorption point of view.
X-Ray Photoelectron Spectroscopy
XPS of equilibrated, PS-containing carbon samples was performed to further investigate
the binding situation of sulfur species (Tab. B.18). The investigated carbons show the
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Figure 4.27: Water physisorption isotherms at 25 °C of CMM1 (▴), CN (◾), CMI2 (◆), CNO2 (•).
typical binding energy range for S2p species at 159.5 eV ≤ E ≤ 173 eV (Fig. A.31-A.34).
The spectrum of CNO2 stands out with only three species shifted to lower binding ener-
gies compared to other samples. Those S species are assigned to one group of bridging
S species (Sb with typical species like long-chain polysuldes, elemental sulfur or other
bridging sulfur atoms R next to -SOx like for RySOx groups) with a binding energy max-
imum at 163.8 eV and two groups of terminal S species (St with typical species like ionic
suldes, short-chain and long-chain polysuldes) with binding energy maxima at 162.1
and 161.3 eV. The other investigated samples CMI2, CMM1, and CN exhibit only low
amounts of one terminal and bridged sulfur (Tab. 4.13). Instead, large amounts of oxi-
dized sulfur species RySOx (with R = Li, network-C, network-N, (poly)suldes or other
surface groups, 2 ≤ x ≤ 3 and 1 ≤ y ≤ 2) with S2p3/2 maxima 168 and 170 eV were observed.
This indicates that the PS decompose during solvent removal and react with oxygen in
the carbon matrix. The high amounts of bridging sulfur indicate that CNO2 is able to
stabilize polysuldes even under dry conditions. The large amount of N atoms within
the carbon framework of CNO2 enables delocalization of negative charges even over a
larger area like in conjugated aromatic systems. With this delocalization, the possibility
of a reaction of oxygen-containing surface groups with sulfur species to form RySOx is
minimized and the adsorbed polysulde is stabilized, explaining the lack of RySOx found
for CNO.
A second eect of N doping is found in the shift of 0.3-1.4 eV for the terminal and up to
0.5 eV for the bridging S species to lower binding energies induced by stronger interac-
tions with the pore wall due to the higher electron density within the framework. [260]
Furthermore, the high content of quarternary nitrogen in CNO can lead to higher con-
ductivities of the carbon adsorbent which also contributes to the binding energy shift of
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Table 4.13: Maxima of binding energy positions, classication of basic functional groups and their
contents.
2p3/2, 2p1/2,; splitting 1.2 eV Functional Group Species content
/atom%
CNO2 161.3, 162.5 Terminal S, shifted 19
162.1, 163.2 Terminal S 38
163.8, 164.9 Bridging S 43∑100
CMI2 162.7, 163.9 Terminal S 9
164.2, 165.4 Bridging S 22
168, 169.1 RSO3 59
169.7, 170.9 RSO2R´ 10∑100
CMM1 162.4, 163.6 Terminal S 9
164.1, 165.3 Bridging S 22
167.8, 169 RSO3 60
170, 171,1 RSO2R´ 9∑100
CN 162.6, 163.8 Terminal S 5
164.3, 165.5 Bridging S 8
168.2, 169.4 RSO3 75
170, 171.2 RSO2R´ 12∑100
adsorbed S species. [261,262] Since the t of the spectrum indicates two terminal S species,
the potential of the carbon pore wall must also inuence a far- and near-centred bond of
the S species next to a network N atom. Hence, not only the terminal sulfur of the poly-
sulde chain is aected by attractive interactions with the pore wall, which helps to bind
the S species stronger to the carbon surface. This is an exclusive feature of the vicinity of
hydrophilic ultramicropores of CNO2 in contrast to CN, where larger hydrophilic pores
are present, or CMI2, which exhibits only hydrophobic pores of the same size. These
results emphasize the symbiotic eect of narrow pore walls and high heteroatom dop-
ing leading to excellent polysulde retention based on ionic interactions, which is in full
accordance with above described adsorption studies.
Interpretation of XPS results becomes dicult because multiple eects can lead to a
shift of binding energy. CNO contains no covalently bound sulfur, which would blur ob-
servable eects in XPS. [263] Direct incorporation of sulfur into the ring system to form
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thiophene or –SH groups seems to be improbable due to the selected synthesis condi-
tions. Hence, our interpretation of sulfur-pore-wall-interactions is based on a pyrrolic
group driven ionic interaction being in-line with typical characteristics of inorganic Li-
chalcogenide compounds [264] or even with the study on nearly non-adsorbing carbons
where just the Li-polysulde signal is detected. [265] Both compounds are characterized
by a more ionic bonding and a lower binding energy signal compared to covalent bonds.
4.2.1.6 Hypothetical Cell Design
Key features for an ecient PS retention were identied and the quantitative prediction
of PSA allows an approximate estimation how future cathode materials should be de-
signed to suppress the PS shuttle. Relevant sulfur loadings for lithium-sulfur batteries
are 60 w%, which means that 1 g of carbon hosts 1.5 g of sulfur. Assuming a complete
reaction to the intermediary Li2S6 and a solvent/sulfur ratio of 8 µl mg−1, an interme-
diate polysulde concentration of 0.65 M would occur, which requires a total PSA of
7.8 mmol g−1. CMM1, which has the highest PSA among hydrophobic materials, is only
capable of adsorbing 0.59 mmol of PS per gram. Even the most eective hydrophilic
material CNO2 reaches only a PSA of 1.22 mmol g−1, which means that any of these
investigates materials should be used with a lower sulfur amount as a cathode materials.
Consequently, this would yield lower energy densities. A specially designed cathode
material that is capable of adsorbing 7.8 mmol PS (correlating to 60 w% S) should exhibit
a pore volume of 1.6 cm3 g−1 consisting only of hydrophilic ultramicropores, which is
a very ambitious goal. Of course, a larger amount of mesopores can compensate some
smaller pores.
116
4 Results and Discussions
4.2.2 Sulfur Adsorption
Beside polysuldes, elemental sulfur is dissolved in the electrolyte of LSB as well. Be-
fore battery assembly, sulfur is melt-inltrated into the cathode carbon material in most
cases. [266] Inside the pore system of the carbon host, sulfur exists in its typical S8 crown
structure or as linear chains for small pores. [78] In contrast to ionic polysuldes, sulfur
depicts an uncharged and non-polar species. Hence, a completely dierent adsorption
behaviour can be expected. In the following section, the adsorption of S8 solutions was
investigated in detail by batch experiments analogue to polysulde investigations.
Carbon Selection
To develop and validate the measurement routine, the activated carbon DLC was used,
which has been applied for peptide and polysulde adsorption before. The pore size in-
uence was further investigated with microporous carbide-derived carbon samples TiC-
CDC-600, and -1000 and the hierarchically templated carbide-derived carbon OM-CDC.
Their pore size distributions are described in detail in section 4.1.1.1.
Hydrophilic carbon materials were chosen to investigate the inuence of pore surface
polarity. CNO2 was applied for polysulde adsorption studies before (Sect. 4.2.1.1). It
depicts an unusual hydrophilic material with micrometer sized particles. CNO4 consists
of smaller particles that are attached to a carbon nanotube (CNT) backbone (Fig. A.35).
Hence, this sample oers hydrophilic adsorption sites inside the pores of CNO and hy-
drophobic adsorption sites at the CNT surface.
4.2.2.1 Adsorption Method Validation
Liquid phase adsorption isotherms of sulfur in DME/DOL at DLC were recorded for ini-
tial concentrations up to 14 mM, which is the maximum saturation concentration of sul-
fur in this solvent mixture and gives a linear calibration (Fig. A.36). Formal higher con-
centrations were achieved by over saturating the solvent with sulfur at the beginning of
the adsorption process. The resulting adsorption isotherms show no pseudo-Langmuir
shape, like it was observed for hydrophobic peptides or polysuldes, but a linear uptake
increase with the equilibrium sulfur concentration (Fig. 4.28). Melt-inltrated carbon
samples were immersed in DME/DOL to record the desorption branch of the isotherm.
No hysteresis is observed, which would occur due to chemisorption or phase change of
sulfur, which is unlikely at given synthesis conditions. The sulfur uptake Γσ reaches a
value of 3.1 mmol g−1 at 13.7 mM. This loading corresponds to an actual pore lling of
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only 38.3%, which is much higher than the maximum values obtained for polysuldes
(∼12.4%). Hence, further adsorption is possible at higher concentrations.
The shape of isotherm, the lack of a hysteresis, and the low uptake indicate co-adsorption
of organic solvent molecules, which is caused by weak interactions between carbon and
sulfur despite the fact that both are very hydrophobic and should interact strongly. To
support the hypothesis of solvent co-adsorption, the polarity of the liquid phase was
stepwise reduced by adding toluene to the system. The maximum uptake decreases
from 3.1 to 0.48 and 0.09 mmol g−1 with increasing toluene content in the liquid phase
(Fig. 4.28). Toluene forms stronger interaction with sulfur as well as with the pore wall
leading to reduced uptakes and weakened sulfur-carbon interactions, which can be seen
from the decreased slope of the isotherms.
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Figure 4.28: Adsorption isotherms of sulfur S8 at DLC in DME/DOL (◾), DME/DOL (desorption, ◾)
DME/DOL/toluene mixture (25:25:50, ▴), toluene (•) (10 mg Carbon, T = 23 °C, V0 = 5 ml, equilibration
time t = 24 h).
To validate the sulfur uptakes determined via UV/Vis, samples with an equivalent up-
take between 10 and 65 w% sulfur were prepared via melt-inltration and compared with
liquid phase-inltrated samples. The highest sulfur uptake by liquid phase adsorption
was 3.1 mmol g−1, which corresponds to 44 w% for the sulfur/carbon composite. The
highest achievable sulfur loading limited by the pore volume of DLC is 62 w%. Nitro-
gen physisorption reveals that porosity decreases continuously with increasing sulfur
content resulting in complete loss of porosity at 65 w%, which is in good accordance
with the calculated maximum sulfur content of 62 w% (Fig. 4.29). The liquid phase-
inltrated sample shows a similar porosity loss compared to melt-inltration validating
the UV/Vis quantication of liquid phase adsorption. Assuming the bulk density of sul-
fur (2.07 g cm−3), the 30 w% loaded sample should maintain 76% of its porosity. Only 51%
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of its porosity are accessible for nitrogen after sulfur loading. This gap can be explained
by pore blocking eects and imperfect packing of sulfur molecules inside the pores.
To investigate if the adsorbed sulfur is located in the pore system, X-ray diraction of
loaded samples was perfomred. The nano-sized cavities of DLC suppress crystallization
keeping sulfur amorphous. [267] X-ray diraction of 0 and 30 w% loaded DLC samples
showed only 2 broad signals at 23 and 43° 2θ arising from graphitic domains of DLC. No
diraction peaks are detected from inltrated sulfur showing that S8 is indeed adsorbed
inside the pores. The 65 w% sample exhibits the typical diraction peaks of orthorhom-
bic α-sulfur with low intensities compared to pure sulfur. In agreement with nitrogen
physisorption results, these results show that the pore system is completely lled at this
loading and a small excess of sulfur crystallized at the particle surface of DLC. Further-
more, some excess sulfur was observed at the inner surface of the glass vessel used for
melt-inltration. This shows that calculated maximum pore lling overestimates the ac-
tual pore lling and that the density of sulfur inside the pores must be lower than for the
bulk material due to imperfect packing. Similar eects were observed for liquid phase
adsorption of peptides in chapter 4.1.1.2.
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Figure 4.29: Left: Specic surface area of sulfur impregnated DLC samples prepared by melt-
inltration (black) and liquid phase adsorption (red). Right: Power diraction pattern of 0, 30, 65,
and 100 w% sulfur at DLC prepared by melt-inltration.
4.2.2.2 Pore Size and Polarity Influence
After developing the measurement routine, model carbons with dierent pore sizes rang-
ing from ultramicropores (TiC-CDC-600) to mesopores (OM-CDC) were investigated.
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Compared to DLC, the slope of the isotherm of TiC-CDC-1000 is higher and a Γσ of
3.9 mmol g−1 is reached at 12 mM. Hence, TiC-CDC-1000 shows an increased pore ll-
ing of 62.3% compared to DLC. TiC-CDC-600 reached a lower uptake of 2.4 mmol g−1
at comparable concentrations. The TiC-CDC synthesized at 600 °C exhibits preferably
smaller pores (0.6 nm) than the sample synthesized at 1000 °C (0.8 nm) but comparable
total pore volumes. The diameter of the S8 crown (0.7 nm) is slightly larger than the
pore size of TiC-CDC-600 (0.6 nm). Hence, the decreased uptake is explained by ine-
cient packing of S8 molecules inside the smaller pores as the migration of short, linearly
chained sulfur into the micropores of TiC-CDC-600 is unlikely at room temperature. [178]
OM-CDC, consisting of both micro- and mesopores, shows a decreased sulfur capacity
of 1.8 mmol g−1 despite its large total pore volume of 1.99 cm3 g−1. Up to an equilib-
rium concentration of 9 mM, OM-CDC overlaps with the isotherm of DLC very well,
which is explained by a similar micropore volume of DLC and OM-CDC. Above this
concentration, only marginal amounts of sulfur are adsorbed. This indicates that the
large mesopores of OM-CDC contribute less to sulfur adsorption at the given concen-
tration range. Such a preferential lling of micropores was observed before for peptides
and polysuldes as well and is explained by the overlapping of the adsorption potentials
of opposite pore walls.
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Figure 4.30:Adsorption isotherms of sulfur S8 at DLC (◾), OM-CDC (•), TiC-CDC-1000 (▴), TiC-CDC-
600 (◆), CNO2 (◾), and CNO4 (★) in DME/DOL (10 mg Carbon, T = 23 °C, V0 = 5 ml, equilibration time
t = 24 h).
The adsorbent polarity was identied as a major inuence on the adsorption of polysul-
des. Highly hydrophilic carbons showed an increased anity for the ionic polysulde
species in DME/DOL. Sulfur dissolved in the same solvent displays no charged ion but an
uncharged molecule. Hence, an opposite adsorption behaviour can be assumed. CNO2,
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which oers the same pore size as TiC-CDC-600, surprisingly does not adsorb signi-
cant amounts of sulfur up to concentrations of 12 mM (Fig. 4.30). As the pore is large
enough to let sulfur enter, the complete rejection of sulfur must be an eect of repulsive
interactions between sulfur and pore wall.
During discharge of a lithium-sulfur battery, the cathode host material faces both sul-
fur and polysuldes and should provide sucient adsorption sites for both species to
avoid active material distribution in the whole cell compartment. In this light, the bipo-
lar CNO4 was chosen as a possible candidate to oer adsorption sites fur sulfur as well.
Unfortunately, the sulfur uptake for this sample is insignicant in the investigated con-
centration range up to 10 mM. This indicates that possible adsorption sites at the CNT
backbone of the material are not accessible in the liquid phase or that polar and non-
polar sites are located to closely to each other leading to a vanished adsorption potential
for sulfur.
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This thesis addressed dierent topics of liquid phase adsorption in nanoporous materi-
als ranging from life science to energy storage. Accompanying phenomena that occur
only in the conned environment of nanopores were investigated by combining ther-
modynamic as well as kinetic adsorption experiments with many other complementary
techniques like porosity analysis or NMR to create a most profound understanding and
reveal important structure-property relationships. This fundamental research on spe-
cic adsorbent-adsorbate interactions was applied to peptide enrichment and lithium-
sulfur batteries but is applicable in general.
It was shown that ACE-inhibiting dipeptides exhibit a preferred adsorption behaviour in
the presence of the non-bioactive peptides. This behaviour was exploited to extract these
peptides from cheap and abundant food protein hydrolysates and signicantly increase
their hypotensive eect. Based on rst batch experiments, a continuous adsorption pro-
cess was developed that is easily scalable.
In a rst step, the adsorption of the strongly ACE-inhibiting dipeptide Ile-Trp on the
commercially available activated carbon material Norit DLC Super 50 was investigated
and compared with other peptides in single adsorbate experiments. Ile-Trp completely
lled the pore system of the carbon during adsorption leading to extremely high adsorp-
tion capacities of 2.3 mmol g−1 (726 mg g−1), which is higher than most literature val-
ues for peptide adsorption. For microporous adsorbents, the adsorption uptake reached
its maximum value already at low concentrations, which is benecial for an ecient
enrichment from hydrolysate solutions. Correlating with their lower ACE-inhibition,
other peptides showed decreased adsorption capacities and did not inuence the uptake
of Ile-Trp in simplied co-adsorption experiments enabling an extraction under compet-
itive conditions.
The enrichment of highly ACE-inhibiting dipeptides from dierent protein hydrolysates
after treatment with porous carbons was investigated in the next step. The Ile-Trp ca-
pacity was lower in peptide mixtures than for single adsorbates (0.1 mmol g−1), which
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is caused by a huge excess of other hydrophobic and Trp-containing, but likewise ACE-
inhibiting peptides. More polar and ineective ACE-inhibiting peptides were not ad-
sorbed enabling a facile and cost-eective separation. An environmentally friendly and
mild eluent system (ethanol/water) was chosen in order to conserve the bioactivity of
those peptides and maintain the food grade character of the process. The amount of
Ile-Trp in the eluate of the whey protein hydrolysate was increased by up to one or-
der of magnitude. The enrichment was strongly dependent on both polarity and size of
the respective peptide. Identication of peptides in the enriched fraction by mass spec-
trometry showed that preferably peptides containing hydrophobic amino acids were en-
riched. Microporous carbon materials excluded oligopeptides and enriched exclusively
tri- and dipeptides, which is a big advantage over the investigated mesoporous carbon
material, lacking such a size-exclusion eect. By tailoring the pore size or the polar-
ity of the adsorbent, characteristics of the enriched peptide fraction could be precisely
tuned and adjusted to the required purpose. Nitrogen doping of the carbon material fur-
ther boosted the selectivity of the adsorption towards Trp-containing peptides due to
even more specic interactions like hydrogen bonds. The enrichment of Ile-Trp leads
to a six times higher ACE-inhibition in vitro (IC50 = 2.8 mg l−1) compared to the initial
hydrolysate (IC50 = 17.2 mg l−1). The enriched hydrolysates showed high C-domain se-
lectivity, which is the major site for blood pressure control, causing less side eects. It
was shown that the activated carbon treatment is a facile and versatile method to en-
rich ACE-inhibiting peptides from several protein hydrolysates in order to use them as
ingredients for hypotensive functional foods with reduced side eects. The presented
process leads to far higher enrichments than comparable examples from the literature
applying carbon or more complicated approaches.
Finally, the developed enrichment was transferred to a columnar adsorber system us-
ing granular activated carbons in order to scale up the whole process. Essential process
parameters were systematically investigated in batch experiments using single compo-
nent solutions to evaluate the performance of the new granulated carbon. Ile-Trp ad-
sorbed with a high rate at the surface layer of the carbon particle. After saturation of
the outer layer, adsorption was controlled by the much slower intraparticle diusion
of the peptide. The rst step was more pronounced for smaller particles leading to
a strong particle size dependence of the adsorption rate. Continuous column adsorp-
tion was performed with single components using a medium particle size fraction and
a sharp breakthrough was obtained with Trp-uptakes similar to the batch experiment
(329 mg g−1). Hydrophilic peptides were successfully separated from hydrophobic pep-
tides of the protein hydrolysate using the same particle size. Eluting the adsorbed hy-
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drophobic peptides from the column produced a fourfold enriched Ile-Trp mass fraction
in the dried end product. As a result of dierent adsorption kinetics, the enrichment
of Ile-Trp depends on the adsorbent particle size. Overall, enrichment of hydrophobic
peptides from hydrolysates using granular AC displays an economic process using non-
toxic and abundant column materials, without any need for prior hydrolysate treatment
and expensive equipment.
The process of adsorptive enrichment went from rst principle tests to a continuous
process and proved its versatility. A further scale-up is required to extract relevant
ACE-inhibitor amounts and test them in clinical trials on humans. One drawback of
this process is still the use of an organic solvent to recover adsorbed peptides. Applying
a voltage to the carbonaceous adsorbent changes the surface polarity and should trig-
ger desorption more economically. Nevertheless, adsorptive enrichment with carbons
of dened pore size is now under consideration for the extraction of other valuable re-
sources from blood because of its low-cost and straightforward concept. The results of
this thesis play an important role for the pre-selection of the right carbon material. Polar
carbons are very interesting candidates as they induce even more specic and tailored
interactions.
Adsorption plays also an important role in energy storage devices. Liquid phase adsorp-
tion studies of polysuldes were used to gain fundamental mechanistic insights into
degradation processes of lithium-sulfur batteries. Especially, the inuence of pore size
and polarity on polysulde adsorption was studied systematically without cell assem-
bly and subsequent electrochemical testing. Idealized model carbons with well-dened
pore sizes but diverse in pore diameter, ranging from ultramicro- to large mesopores,
and surface polarity were investigated with regard to their polysulde adsorption. An
incremental pore size analysis allowed for a quantitative correlation of the polysulde
adsorption and porosity characteristics, readily extractable from nitrogen physisorption
data. High surface area carbon materials can eectively adsorb PS, but an ultramicro-
porous material is up to 8 times more ecient than a mesoporous one. High surface
polarity also strongly promotes polysulde adsorption. The symbiotic eect of high
heteroatom doping and ultramicroporosity leads to an increase in polysulde adsorp-
tion by a factor of 25 compared to hydrophobic mesopores. The extremely high polarity
of the pore wall helps to stabilize polysuldes and further enhance interactions with the
pore wall. For molecular sulfur, the opposite behaviour is observed and sulfur is repelled
by hydrophilic pores leading to a most complex situation inside the lithium-sulfur cath-
ode material. This study contributes to the understanding and design of next generation
lithium-sulfur batteries and suggests that a carefully chosen pore system can prolong
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battery life by providing adsorption sites for both sulfur and polysuldes.
The measurement routine that was developed for polysuldes in combination with the
pore size analysis can be applied as a fast screening method for new materials and is
included in international research projects that aim for the development of long life
lithium-sulfur batteries. Furthermore, linking these results with the electrochemical
performance of those investigated carbon materials is required for a complete under-
standing of the lithium-sulfur battery. Especially, the results of sulfur adsorption open
up a broad eld of further experiments and require deeper understanding.
Lithium-sulfur batteries and ACE-inhibiting dipeptides display two completely distinct
aspects of chemistry. Yet, adsorption plays a large role for both of them. Applying ad-
sorption depicts a smart method to either bind harmful intermediates or recover healthy
hydrolysis products. Depending on the adsorbate, dierent but characteristic isotherm
shapes were observed. Interpretation of these isotherms in combination with porosity
data already gives valuable information about adsorbate-adsorbent interactions and how
to increase them. This thesis covers only a small fraction in the eld of adsorption sci-
ence but fundamental insights like the interplay of pore size and polarity or even more
specic interactions are applicable in general and a valuable tool to design new porous
materials with special properties that are tailored to t every specic application. A fa-
mous German soccer player once said "Das Runde muss ins Eckige" [268] or chemically
speaking "There is always a perfect adsorbent for every adsorbate". Finding the right
pore size and polarity will always lead to a dramatic increase in selectivity against co-
adsorbents like solvent molecules or competing peptides.
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Figure A.1: X-ray photoelectron spectrum of nitrogen-functionalized DLCN showing typical signals
of Os1, Ns1 and C1s orbitals.
Figure A.2:Crystal structure of Ile-Trp according to Sun et al.. [232] According to the crystal structure,
the size of an Ile-Trp molecule is about 8.9x5.6x3.6 Å.
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Figure A.3: Amount of free peptides in solution after dierent equilibration times (mDLC = 10 mg,
c0 = 1 mM, V0 = 25 ml, T = 23 °C).
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Figure A.4: Adsorption isotherms of Ile-Trp (left) and Gly-Gly (right) at DLC in H2O and corre-
sponding Langmuir- and Freundlich ts (5 mg DLC for Ile-Trp and 50 mg for Gly-Gly, T = 23 °C,
V0 = 25 ml, equilibration time t = 24 h).
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Figure A.5: Adsorption isotherms of Trp at DLC (◆), DLCH (▴), DLCO (•), and DLCN ((◾)) in H2O
(mA = 5 mg, T = 23 °C, V0 = 25 ml, equilibration time t = 24 h).
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Figure A.6: Cumulative pore volume of DLC (◾), TiC-CDC-1000 (•), and CMK-3 (▴) based on DFT
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Figure A.7: SEC chromatogram with UV-detection (λ = 280 nm) of as prepared ACT hydrolysate
(black), the residue after treatment with DLC (blue), and of the enriched eluate with EtOH/H2O
mixture (red).
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Figure A.8: SEC chromatogram with UV-detection (λ = 280 nm) of as prepared ACT hydrolysate
(black), the residue after treatment with CMK-3 (blue), and of the enriched eluate with pure H2O
mixture instead of ethanol/water (red). Other samples were eluted with water before ethanol/water
as well to remove surface bound peptides, but CMK-3 was the only carbon that delivered enough
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Figure A.9: Dynamic light scattering data of 1 mM aqueous peptide solutions at pH = 3 and room
temperature. Scattering was measured with the Zetasizer Nano SZ of Malvern. Detection at 182°.
Samples were centrifuged and ltrated before measurement.
Figure A.10: SEM-picture of ROX-50 after ball milling recorded with a ZEISS DSM-982 Gemini at 4
kV acceleration voltage with detection of secondary electrons.
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Figure A.11: TG-analysis of DLC (left) and ROX (right) recorded at a Netzch STA PC Luxx using a
heat ramp of 1 K min−1 under synthetic air.
Surface Layer (12.5 µm)
Particle Core 250 F500
F125F50
Figure A.12: Adsorption of Ile-Trp at ROX 0.8 is limited by intraparticle diusion of Ile-Trp after
a surface layer is saturated with Ile-Trp as can be seen from the course of the adsorption, which
was modelled with a double exponential model after Wilczak and Keinath. [54] The volume of this
surface layer was calculated (Tab. B.12) and schematically displayed. With increasing particle size,
the percentage of this volume decreases. Assuming that adsorption during the rst 5 min only takes
place in this surface layer, the early Ile-Trp uptake should correlate to this mantle volume fraction.
The mantle volume fraction was calculated for dierent thicknesses of the surface layer (router ) and
was found to correlates best with the early Ile-Trp uptake for a thickness of 12.5 µm. Dierences can
be explained by the fact that the given particle sizes are part of a broader distribution. Especially,
ROX-50 exhibits many particles much smaller than 50 µm (Fig. A.10) and adsorbs Ile-Trp faster than
predicted. Hence, this value should only be seen as a rough estimation for the surface layer thickness.
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Figure A.13: N2-physisorption isotherms (-196 °C) of ROX-50 before (◾) and after it was loaded with
Ile-Trp by means of liquid phase adsorption. The loaded sample corresponds to a completely (▴) and
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Figure A.14: Normalized thermal response signal of ROX-50 empty (black), half (blue) and fully
saturated (red) with Ile-Trp recorded with a setup similar that was already described elsewhere. [250]
132
A Appendix Figures






1  m l  m i n - 12 . 5  m l  m i n
- 1








O p e r a t i o n  T i m e  /  m i n
4  m l  m i n - 1
Figure A.15: Breakthrough curves of Trp on ROX-1000 detected with UV/Vis at 280 nm for ow
rates of 4 (black), 2.5 (blue), and 1 ml l−1 (red).
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Figure A.16: Experimental (black) and simulated (red) breakthrough curves of Trp on ROX-250 de-
tected with UV/Vis at 280 nm for a ow rate of 0.5 ml min−1.
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Figure A.17: N2-physisorption isotherms (-196 °C) of ROX-50 before (◾) and after (•) four ad- and
desorption cycles with Trp.
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Figure A.19: Breakthrough curves of AAT on ROX-1000 (left) and ROX-250 (right) detected with
UV/Vis at 235 and 280 nm absorbance. The UV/Vis absorbance was normalized for better visualiza-
tion of the retention of hydrophobic peptides.
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Figure A.20: Peptide mass distribution of the pristine hydrolysate AAT and the treated eluate with
ROX-50 or ROX-1000. The distribution was calculated from size exclusion chromatography data
using synthetic standards as size calibration.
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Figure A.21: Variable temperature (VT) 7Li NMR spectra of a 4 mM LiTFSI + 2 mM Li2S6 solution
(1:1).
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FigureA.23: SEM images of hydrophilic CNO1 with large particles at dierent levels of magnication
(left: x600; right: x12.000).
Figure A.24: SEM images of mesoporous hydrophilic CNO2 at dierent levels of magnication (left:
x560; right: x6.000).
Figure A.25: SEM images of hydrophilic CNO3 with small particle network at dierent levels of
magnication (left: x6000; right: x50.000).
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FigureA.26: Left: UV/Vis-spectra of Li2S6 solution between 1 and 10 mM in DME/DOL. Right: Linear
calibration of the absorbance at 450 nm of PS solutions between 1 and 10 mM.
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Figure A.27: Parity plot of averaged polysulde adsorption in mmol per gram of carbon assuming a
linear correlation with the specic BET-surface area.
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Figure A.28: Cumulative pore size distribution of selected hydrophobic carbon materials based on
DFT pore size analysis of nitrogen physisorption data and predicted pore volume rated polysulde
capacity derived by incremented pore size analysis.
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Figure A.30: Liquid phase adsorption isotherm of Li2S6 in DME/DOL at CNO1 (◾), CNO2 (•), and
CNO3 (▴).
Figure A.31: S2p X-ray photoelectron spectrum of CNO2 with assigned “normal” terminal sulfur
species St , low binding energy–shifted terminal sulfur species St,ES and bridging sulfur species Sb .
The t shows the S2p3/2 – S2p1/2 photoelectron line doublets and the peak maxima of the S2p3/2 binding
energy line EB 2p3/2 .
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Figure A.32: S2p X-ray photoelectron spectrum of CMI2 with assigned terminal sulfur species St ,
and bridging sulfur species Sb as well as the two oxygen-containing groups R-SO3 and R-SO2-R´.
The t shows the S2p3/2 – S2p1/2 photoelectron line doublets and the peak maxima of the S2p3/2 binding
energy line EB 2p3/2 .
Figure A.33: S2p X-ray photoelectron spectrum of CMM1 with assigned terminal sulfur species St ,
and bridging sulfur species Sb as well as the two oxygen-containing groups R-SO3 and R-SO2-R´.
The t shows the S2p3/2 – S2p1/2 photoelectron line doublets and the peak maxima of the S2p3/2 binding
energy line EB 2p3/2 .
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Figure A.34: S2p X-ray photoelectron spectrum of CN with assigned terminal sulfur species St , and
bridging sulfur species Sb as well as the two oxygen-containing groups R-SO3 and R-SO2-R´. The t
shows the S2p3/2 – S2p1/2 photoelectron line doublets and the peak maxima of the S2p3/2 binding energy
line EB 2p3/2 .
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Figure A.36: Left: UV/Vis-spectra of S8 solutions between 2 and 14 mM in DME/DOL. Right: Linear
calibration of the absorbance at 340 nm of S8 solutions between 2 and 14 mM.
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Table B.1: Adsorption properties of dierent peptides at DLC determined by UV-Vis spectroscopy
of batch experiments and batch isotherms. KL and Γσmax are derived from a linear Langmuir plot.
Peptide IC50‡ logD*pH = 7 Capacity Γσmax KL
/µM /mmol g−1 /mmol g−1 /l mmol−1
Ile-Trp 0.7 -1.51 2.06 2.30 28
Ala-Trp 20 -2.88 1.96 2.74 19
Gly-Tyr 72 -4.59 1.76 - -
Gly-Phe 278 -3.93 1.38 - -
Gly-Gly 8670 -4.97 0.24 0.26 24
Angiotensin I - - ∼0.25 - -
* describes the solubility in an octanol phase and was calculated using Advanced Chemistry Development (ACD/Labs) Software
V11.02 (©1994-2013 ACD/Labs)
‡ in vitro half maximal inhibition concentration (IC50) taken from the literature [8,163,238,239]
Table B.2: Specic BET surface area (SSA) and total pore volume (TPV) of DLC loaded with dierent
peptides and varying Γσ .
Sample Peptide Γσ SSA TPV
/mmol g−1 /m2 g−1 /cm3 g−1
DLC – – 1837 1
DLC Ile-Trp 1.4 704 0.39
DLC Ile-Trp 2.3 36 0.04
DLC Gly-Gly 0.26 1710 0.87
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Table B.3: Adsorption properties of Ile-Trp at dierent carbons. KL and Γσmax are derived from a
linear Langmuir plot. Theoretical maximum adsorption excess was calculated assuming a lling of
the total pore volume (TPV) and the bulk density of the respective peptide.
Sample KL Γσmax TPV Γσmax ,theo
/l mmol−1 /mmol g−1 /cm3 g−1 /mmol g−1
DLC 28 2.3 1.00 3.9
OM-CDC 48 3.09 1.99 7.8
CMK-3 10.2 1.28 1.26 5.0
TiC-CDC-1000 132 1.33 0.77 5.2






Residue & Eluate 313 94.8
Table B.5: Quantication of the peptide content of Ile-Trp and Ala-Trp in the protein hydrolysates
of one batch. Data were expressed as mean ± standard deviation with three replications.
Sample ωIle/Ala−Trp
/mg g−1
ACT1† 5.5 ± 0.05
LAT* 9.6 ± 0.6
LCT‡ 27.4 ± 0.2
† whey protein chymotrypsin and thermolysin hydrolysate, three dierent batches
* lysozyme protein alcalase and trypsin hydrolysate, contains Ala-Trp instead of Ile-Trp
‡ lysozyme protein chymotrypsin and thermolysin hydrolysate, contains Ala-Trp instead of Ile-Trp
145
B Appendix Tables
Table B.6: Concentration of Ile-Trp and Ala-Trp in the freeze-dried hydrolysate, in the residue after
incubation with C1, and in the eluate. Three dierent ACT, one LAT, and one LCT batches were
incubated with C1 and examined by RP-HPLC. The quantitative data of the peptide content in the
untreated hydrolysates are done in triplicate and determined with an error of up to 5%.
Hydrolysate Residue Eluate
ωIle/Ala−Trp ωIle/Ala−Trp ωIle/Ala−Trp enrichment removal
/mg g−1 /mg g−1 /mg g−1 /factor /%
ACT1† 5.5 1.3 58.1 10.5 76
ACT2† 6.4 1.8 71.8 11.3 71
ACT3† 11.9 2.2 84.8 7.2 81
LAT* 9.6 0.1 65.3 6.8 99
LCT‡ 27.4 4.6 47.8 1.7 83
† whey protein chymotrypsin and thermolysin hydrolysate, three dierent batches
* lysozyme protein alcalase and trypsin hydrolysate, contains Ala-Trp instead of Ile-Trp
‡ lysozyme protein chymotrypsin and thermolysin hydrolysate, contains Ala-Trp instead of Ile-Trp
Table B.7: Molecular weight distribution of the eluate fraction of the ACT hydrolysates from three
dierent carbon materials quantied by SEC-chromatography (in percentage) and RP-HPLC (in mg
g−1).
Oligopeptides >
429 g mol−1 Trp Ile-Trp Trp Ile-Trp
/% /% /% /mg g−1 /mg g−1
ACT 62 2 9 4.2 5.5
Eluate DLC 22 8 26 24.5 58.2
Eluate TiC-CDC-1000 11 25 22 31.5 36.9
Eluate CMK-3 53 2 10 15.0 37.6
Table B.8: Dynamic light scattering data of peptides with dierent molecular weight M and chain
length N.
Sample Molar mass N dH
/g mol−1 /nm
Angiotensin I 1296 10 1.3
Bradykinin 1060 9 1.5
Trp-Trp 390 2 1
Ile-Trp 316 2 0.8
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Table B.9: Weight fraction of Trp, Ile-Trp, and Trp-Leu in the freeze-dried hydrolysate ACT and in
the eluate from surface-functionalized carbon DLCN and DLC. The peptide content was examined
by RP-HPLC.
ωTrp enrichment ωIle−Trp enrichment ωTrp−Leu enrichment
/mg g−1 /factor /mg g−1 /factor /mg g−1 /factor
ACT 0.75 5.27 0.81
DLC 3.55 4.73 29.3 5.56 2.85 3.52
DLCN 4.99 6.65 38.5 7.31 3.83 4.73








Table B.11: N2-physisorption data of ROX. Specic surface area calculated from the multipoint BET
equation (SSABET ) and by QSDFT based on the adsorption for carbon with slit and cylindrical pores
for micropores (SSAmicro ) and mesopores (SSAmeso ), total pore volume TPV, and micropore volume
PVmicro .
SSABET SSAmicro SSAmeso TPV PVmicro
/m2 g−1 /m2 g−1 /m2 g−1 /cm3 g−1 /cm3 g−1
ROX-50 1408 1080 328 0.69 0.44
ROX-250 after 4 cycles 429 255 174 0.29 0.12
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Table B.12: Adsorption of Ile-Trp at ROX 0.8 is limited by intraparticle diusion of Ile-Trp after a
surface layer is saturated with Ile-Trp as can be seen from the course of the adsorption, which was
modulated with a double exponential model after Wilczak and Keinath. [54] The volume of this
surface layer was calculated and schematically displayed (Fig. A.12). With increasing particle size,
the percentage of this volume decreases. Assuming that adsorption during the rst 5 min only takes
place in this surface layer, the early Ile-Trp uptake should correlate to this mantle volume fraction.
The mantle volume fraction was calculated for dierent thicknesses of the surface layer (router ) and
was found to correlates best with the early Ile-Trp uptake for a thickness of 12.5 µm. Dierences can
be explained by the fact that the given particle sizes are part of a broader distribution. Especially,
ROX-50 exhibits many particles much smaller than 50 µm (Fig. A.10) and adsorbs Ile-Trp faster than
predicted. Hence, this value should only be seen as a rough estimation for the surface layer thickness.
ROX-50 ROX-125 ROX-250 ROX-500
router / µm 25 62.5 125 250
rinner / µm 12.5 50 112.5 237.5
Mantle Volume / % 88 49 27 14
Early Ile-Trp uptake / % 100 44 25 12
Table B.13: Specic surface area (SSABET ) and integrated thermal response signal caused by n-
butane adsorption for ROX-50 before and after it was loaded with Ile-Trp by means of liquid phase
adsorption. The loaded sample corresponds to a completely and half saturated sample at the liquid
phase isotherm and contains 310 mg and 155 mg Ile-Trp per g carbon, respectively.
ROX-50 SSABET ∆T




Table B.14: Simulated breakthrough curve parameters of Trp on ROX-250 column (mROX = 450 mg)
derived by tting the experimental data points after Yoon and Nelson.
Flow rate kYN τ 50 ΓσBreaktrouдh Γσ Saturation mAdsorbed mDesorbed
/ml min−1 /min−1 /min /mmol g−1 /mmol g−1 /mg /mg
Batch 1.53 1.53
Cycle
1st 0.5 0.0344 1546 1.51 1.72 158.4
2nd 0.75 0.0243 636 0.85 1.09 100.2 85.6
3rd 1.0 0.0136 378 0.67 0.86 79.2 68.2
4th 0.5 0.0220 736 0.67 0.95 87.0 61.1
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Table B.15: Ile-Trp mass fractions in the crude hydrolysate and the dried eluate derived by enrich-
ment with dierent size fractions.
Hydrolysate Eulate
ωIle−Trp ωIle−Trp enrichment
/mg g−1 /mg g−1 /factor
ROX-50 Batch 4.2 36.7 8.7
ROX-250 Batch 4.2 20.9 4.9
ROX-250 Column 4.5 17.6 4
ROX-1000 Column 6.5 17.4 2.7
Table B.16: Peptide mass fractions in the crude hydrolysate and the dried eluate derived by enrich-
ment with the column and F250.
ωIle−Trp ωTrp−Leu ωTrp
Hydrolysate / mg g−1 4.5 2.5 0.4
Eluate / mg g−1 17.6 11.2 2.2
Enrichment 4 4.5 5.5
Table B.17: Sample acronyms and hetero atom content (in atom%) of carbon samples derived by XPS.
Sample Acronym C% N% O%
TiC-CDC-1000 CMI1 99.7 0 0.3
TiC-CDC-600 CMI2 99.7 0 0.3
DLC CMM1 96.2 0 3.8
OM-CDC CMM2 99.2 0 0.8
CMK-3 CME1 97.9 0 2.1
Act. Ketjen Black CME2 99.7 0 0.3
Ketjen Black CME3 99.7 0 0.3
C65 C - - -
DLCN CN 90 7 3
HGPmeso CNO1 83 10 6
HGPbiд CNO2 69.2 14.6 15.1
HGPsmall CNO3 75 14 10
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Table B.18: Element concentrations in atom% for the investigated, polysulde impregnated carbons
as determined by XPS. At the surface only a marginal oxygen concentration is found which is corre-
lated to minor Al2O3 impurities, carbon-oxygen surface groups and nitrogen-oxygen surface groups
as denoted by the surface element concentrations.
Li% C% N% O% Ala/Tib% S% Cl%
CNO2 HGPbiд 1.5 76.8 5.7 6 7.4a 2.2 0.4
CMI2 TiC-CDC-600 4 82.8 0.7 10.3 < 0.1b 2.2 < 0.1
CMM1 DLC 4.6 83.1 0.2 10.6 - 1.3 0.2
CN DLCN 7.1 69.2 5 14.5 - 4.1 0.1
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